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Abstract 
This work encompasses studies of two novel materials for radiation dosimetry as well 
establishment of a novel technique for dosimetry. Silica-based material and CNTs (carbon 
nanotubes) were used as passive radiation dosimeters. The atomic effective numbers (Zeff) for 
the silica-based materials (glass beads and optical fibres) are similar to that for the bone 
tissue, while carbon nanotubes have effective atomic number (Zeff) similar to that of human 
soft tissue. Present studies have been carried out seeking to improve upon the 
thermoluminescence (TL) yield of commercially produced small diameter telecommunication 
optical fibres as well as glass beads. Their small sizes make them of great interest as they can 
fulfil the Bragg–Gray cavity theory. In this thesis, demonstration is made of their utilities to 
measure the depth-dose profile for protons and neutrons at therapeutic energies range. In 
regard to carbon nanotubes, these were made in thin films (known as buckypaper) with 
various thickness ranging from ~10 to ~100 µm to fulfil two conditions; (i) satisfying the 
Bragg–Gray cavity theory, and; (ii) to present tissue equivalent material. The CNTs were 
examined in using conventional thermoluminescence technique. Then, a novel method of 
dosimetry was established by use of x-ray photoelectron spectroscopy (XPS). 
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Chapter 1 
1 Introduction 
World-wide, there is on-going intensive research into the adaptation of carbon nanotubes 
(CNTs) for a wide variety of applications. Numerous studies have attempted to investigate 
different properties, including in photonics (Avouris et al., 2008) and radiation sensors (Ma et 
al., 2007a, Ma 2008). Of particular note for present interests is that the phenomenon of 
luminescence from CNTs has been observed during study of radiation defects on graphite, 
specifically by Bonard and his group (Bonard et al., 1998) in investigation of electron field 
emission. This has provoked further investigation into carbon structural material, examining 
defects induced by beta radiation in graphite and multi-wall carbon nanotubes, MWCNTs 
(Chruscinska et al., 2006). That said, the latter study focused almost entirely on defects in the 
graphite and multi-wall carbon nanotubes, not considering the potential use of both materials 
in radiation physics as a passive radiation dosimeter material. Since it is apparent that very 
little research is known to exist in this area of endeavour, representing a potential gap in 
knowledge, it is the intention of present work to study the dosimetric characteristics of such 
carbon based material, making comparison with other perhaps competitive media.  
In the primary investigation, various samples of CNTs are to be irradiated using a range of 
sources of ionizing radiation. The thermoluminescence (TL) signal is intended to be detected 
from the samples, establishing at the outset the extent to which electron trapping centres exist 
in the media types, expected to be of interest given that to-date there have been no known 
efforts towards identification of the trapping centres in such media in the literature. The study 
aims to further ascertain the radiation sensitivity of CNTs, produced in the form of 
buckypaper. Here it is to be mentioned that buckypaper is a network of SWCNT fibres that 
form a thin membrane (Wang et al., 2004). By so doing, one wishes to establish baseline data 
for applications of buckypaper as a radiation dosimeter media, with potential outlook for 
buckypaper-based ion chamber walls and gas sensor devices (Ma et al., 2007b, Modi et al., 
2003). Understanding the effect of radiation on CNTs can help to estimate the limitations on 
the sensitivity and precision of any such ion chamber and quality control applications of such 
devices. 
2 
 
Fundamental understanding of the radiation effect can facilitate optimal implementation of 
CNTs in many applications, such as light-weight and strong materials for space applications, 
in satellites, aircraft and spacecraft exposed to cosmic radiation. Irradiation-modified thermo 
conductivity, electric conductivity and stress-strain properties are of further interest, judged 
against a backdrop of pristine CNTs that offer performance rarely matched by other media. 
Therefore, the effect of radiation on these properties in CNTs will be also investigated.  
Within the present study, and as previously mentioned, comparison will be made of the 
performance of CNTs against that of other potential novel competitor media. As an instance, 
it is immediately apparent that buckypaper has an effective atomic number (Zeff) that is 
similar to that of soft human tissue, pointing to favourable measurement of dose deposited in 
the human body. Thus said, precision of measurement represents a considerable challenge 
that needs to be achieved in radiation dosimetry. In our primary investigation of the response 
of CNTs to ionising radiation it has become immediately clear that weight-for-weight it is not 
as sensitive as some known dosimeter materials such as the LiF based TLD-100. While this 
may appear to be a setback, the lack of sensitivity could well point to favourable application 
of CNTs in dosimetry in cases of elevated doses, such as might be experienced in space 
missions, high-energy gamma radiations and heavy particles that need to be contended with 
(Parker 2005). In comparing with other novel media, the study will also focus on the TL of 
silica fibres (with Zeff approaching that of calcified tissues, bone primarily), directly 
comparing dose profiles from different radiotherapy systems that place great demand on 
spatial resolution to well below 1 mm. The fibres, purchased from CorActive (Canada), offer 
spatial resolution ~ 120 μm, with a doped-core diameter of 50 μm, and a cladding diameter of 
123-127 μm. The dimensions and constitution of such media provide the opportunity for in 
vivo dosimetry, presently at unprecedented spatial resolution, to be compared against the 
buckypaper fabricated down to thicknesses of some few microns, comparable with a fraction 
of a cell layer in the human body.  
In what is to follow, a brief overview of radiation interaction with matter is first provided. A 
more detailed introduction for both materials is then included in the materials and sample 
preparations section, forming part of the methodology section. The irradiation methods, 
radiotherapy systems used and samples preparation will also be discussed in the same section. 
Following that will be an overview of the results obtained to-date, including discussion of 
these. Conclusions and prospects for future work will form the last two sections of this thesis. 
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Chapter 2 
2 Brief overview of Radiation Interaction with Matter 
There are number of possibilities that can occur when ionization radiation interacts with 
matter. The result of the interaction can be determined through knowledge of a number of key 
parameters that include the energy of the photons (photons being the major source type of 
interest herein) and the atomic number of the targeted material. Three main interactions can 
occur with photons: the photoelectric effect, Compton scattering and pair production. The 
results of these interactions are likely to produce scattered photons, photoelectrons, Compton 
electrons, Auger electrons and fluorescence photons and electron-positron pairs.  
At the atomic level, dose deposition occurs through the slowing down of electrons. As an 
example, the range in µm for electrons of different keV energies travelling through water is 
displayed in Figure 1, the range increasing with electron energy, albeit in a non-linear fashion 
(Hendee et al., 2004). 
 
Figure 1: The range-energy dependence of product electrons in water, Source (Hendee et al., 2005). 
 
In regard to the primary processes for electron production from photon interactions, these are 
as discussed below. 
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2.1.1 Photoelectric Effect 
 
Figure 2: The Photoelectric effect for high-energy photon interactions. 
 
The probability of a photoelectric effect event is directly proportional to some relatively high 
power of the atomic number of the medium (~ Z3 to Z4) and inversely proportional to a power 
of the energy of the incident photons (typically quoted as E-3). In such an interaction, a 
photon of ionising energy is absorbed by an electron, the net result being ejection of the 
electron as illustrated in figure 2 for an inner-shell electron, the kinetic energy of the ejected 
photoelectron being calculated from the equation below; 
bindingk EhvE     …. ( 1 ) 
Where  ℎυ is the energy of the incident photon, 𝐸𝑘  is the energy of the recoil electron, and 
𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔  is the binding energy of the electron to the nucleus (Turner 2008). 
2.1.2 Compton Scattering 
The probability of Compton scattering depends on the number of electrons available, 
increasing directly with the atomic number and Archimedian density. The energy of the 
photons is the main factor in determining the distribution of scattering angles. Figure 3 
displays the Compton interaction mechanism. 
5 
 
 
Figure 3: The Compton scattering effect is energy dependent. 
 
Moreover, the probability of Compton scattering decreases with photon energy, but not as 
intensely as the photoelectric effect. Compton interactions may contribute a significant 
fraction of the total deposited dose for photons energies up to a few MeV (Hendee et al., 
2004). 
2.1.3 Pair Production 
A photon in the Coulomb field of the nucleus may be annihilated converting its energy to the 
production of a positron-electron pair, as illustrated in figure 4. This process is called “Pair 
Production”. In this interaction, all of the photon energy is converting into the production of 
the pair with an extremely small amount going to the recoil of the nucleus. The equivalent 
energy of each electron mass is 0.511 MeV - thus the threshold for the pair production 
mechanism is 1.022 MeV. Any further energy is equally divided between the kinetic energy 
of the positron and electron. Both particles of the pair will lose energy by atomic ionisation 
and excitation as they travel from the point of origin. 
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Figure 4: The Pair Production interaction mechanism. 
 
Ultimately the positron interacts with an electron and the two particles annihilate due to the 
different polarity, with their mass energy being transformed into two 0.511 MeV photons 
emitted in opposite directions (Turner 2008). 
 
 
 
Figure 5: The relationship between the various primary photon interaction mechanisms as a function of photon 
energy and the atomic number (Z) of the absorber. From (Evans 1955) cited in (Knoll 2000). 
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Figure 5 shows the probability relationship between the various primary photon interactions 
as a function of the photon energy and the atomic number of the absorber. As can be seen, the 
main dominant interaction for photons in the keV energy range is the photoelectric effect, 
greater photon energies resulting in growth of interactions occurring in the Compton region. 
Beyond 6 MeV there will be a rapid increase in the Pair Production mechanism. In regard to 
medical applications of photons, specifically in radiation therapy, different ranges of photon 
energy are selected for use, depending on the location of the tumour. For superficial tumours 
the X-ray region is used for which the photoelectric effect is dominant, while for deeper 
tumours MeV photons are used for which the Compton effect and pair production become 
and start become dominant processes.  
2.1.4 Beams Attenuation 
As photons are electrically neutral the attenuation is typically characterised in terms of loss of 
intensity. In contrast with electrons, photons strongly transport through media while suffering 
attenuation, the attenuation for photons being dependent on the energy of the photons and the 
effective Z, which is the weight-averaged atomic number for the material. The attenuation for 
particular monoenergetic values in a good geometry situation can be calculated by knowing 
the linear attenuation coefficient, the thickness of the material, and the intensity of the 
incident photons: 
          ….       ( 2 ) 
where I(x) is the intensity of the transmitted photons and I0 is the intensity of the incident 
photons. µ is the linear attenuation coefficient and x is the thickness of the material. 
In water, the Compton contribution to the attenuation coefficient becomes equal to the 
photoelectric contribution at about 25 keV. The Compton contribution to the attenuation 
coefficient becomes dominant when the energy of the photons exceeds 25 keV, until the pair 
production mechanism contribution overtakes that of the Compton process at about 30 MeV. 
2.1.5 Electrons Stopping Power 
When photons interact with matter they produce electrons with a range of energies depending 
on the energy of the incident photons and the effective Z of the material. A number of factors 
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dictate the different probability of interactions and thus the resulting electron energy, 
including the angle at which the incident photons interact with electrons and location of 
atoms within the target medium. Electrons at lower energies predominantly interact via 
inelastic collisions with other electrons.  For electrons with energies from 10 eV to 10 keV 
the major loss mechanism at low effective Z would be by scattering from valence band 
electrons. As an instance, for energies from 1 keV to 10 keV the core level contribution 
would be less than 10% to the electron interactions. Interactions between the resulting 
electrons and the other bound electrons or nuclei in the atom will cause the electrons to 
dissipate their energies by ionizing atoms and by bremsstrahlung radiation; consequently the 
electrons will eventually stop (Turner 2008). 
The stopping power for electrons is different for each material and is energy dependent, 
hence S(E). It can be simply defined as the average energy loss per unit path length due to 
inelastic collisions with the nucleus or bound electrons of the medium, typically measured in 
units of keV µm-1: 
                         .... ( 3 ) 
By taking density into account, the stopping power can be re-written as: 
                                                                              𝑺‛(𝑬) = – 𝐝𝐄𝛒𝐝𝐱                          .... ( 4 ) 
With units typically quoted in MeV𝑐𝑚2/g. As mentioned, for media of low effective Z, 
electrons with energies from 10 eV to 100 keV will dissipate their energy rapidly, the 
stopping power being relatively large, in the range 3 to 17 MeV𝑐𝑚2/g (Berger et al., 2011). 
Conversely, electrons with energies from 0.1 to 6 MeV would travel further in the medium, 
with stopping powers in the range 1 to 3 MeV 𝑐𝑚2 /g. For high Z media (eg gold, Z = 79) the 
stopping power for electrons from 10 eV to 100 keV, is also relatively large, within the range 
to 1 to 9 MeV 𝑐𝑚2 /g, while at higher energies, 0.1 to 10 MeV, the electrons will travel 
further with stopping powers is in the range 0.1 to 1 MeV 𝑐𝑚2/g (Berger et al., 2011). 
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Chapter 3 
3 Radiation Therapy Dosimetry: Literature Review 
3.1.1 Introduction 
 According to the International Atomic Energy Agency (IAEA) among numerous other 
notables, precision and accuracy are critical elements in atomic science, especially when 
measuring invisible phenomena such as ionizing radiation (IAEA 2016). In radiation therapy 
(i.e. radiotherapy), ionizing radiation is used in the treatment of cancer patients by destroying 
harmful cancerous cells (Zhuang et al., 2016). In the course of radiation therapy treatment, 
cancer patients receive extremely specific and targeted quantity/dose of ionizing radiation for 
purposes of destroying the harmful cancerous cells (IAEA 2016). Delivering too much or too 
little radiation to the targeted cells can have an adverse effect on the cancer patient. In this 
regard, the accuracy of predicting and measuring the dose that the whole volume being 
irradiated receives thus plays a critical determining role on “the quality of the delivery of 
radiation therapy treatment” (Zhuang et al., 2016, p.2). Therefore, the need for enhanced 
accuracy and precision in the measurement and delivery of the necessary radiation dose to the 
cells has prompted the need for the design and development of in-vivo radiation devices that 
ensure the accurate and precise measurement of the radiation dose and its delivery to targeted 
tumour cells without occasioning adverse effect on the normal cells (Zhuang et al., 2016). 
Radiation dosimetry entails quantitative methods employed in determining the energy 
dumped in a medium by projected ionizing radiations (Attix 1986).  
The devices that are most commonly employed in radiation dosimetry are the ionization 
chamber (IC). However, whereas the IC dosimeter has been regarded as the ‘gold standard’ 
device for Quality Assurance (QA) in radiation therapy, numerous investigations of the 
dosimeters report that these devices utilize relatively high voltages (i.e. several tens of volts 
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or more) to generate the requisite Electric Field (EF) for detecting the ionizing radiation, a 
phenomenon that compromises their compatibility and efficiency in in-vivo radiation 
dosimetry (Zhuang et al., 2016). In addition, the ICs rely on the “deployment of dose 
ionization conversion factors” (Zhuang et al., 2016, p.3), a feature that is largely dependent 
on the electron beam dose-rate. Therefore, in view of the foregoing, and given the 
significance of the dosimeter in radiation dosimetry, this review explores radiation dosimetry,  
with a particular focus on radiation therapy, radiation detectors (i.e. dosimeters), as well as 
whether the dosimeter is fulfilling Bragg-Gray Cavity Theory or not (see below). In the next 
section, the review provides a brief overview of the concept of radiation therapy. 
  
3.2 The Bragg Cavity Theory and its validity 
The Bragg-Gray theory gives route to the determination of absorbed dose in water from a 
measurement made in another medium, that of the detector, provided that the following so-
called Bragg-Gray conditions are fulfilled: 
1) The cavity (the spatial dimension of the dosimeter) must be small compared to the range of 
incident charged particles such that the electron fluence is not perturbed;  
2) The absorbed dose in the cavity is deposited solely by the crossing electrons (photon 
interactions in the cavity otherwise being considered negligible).  
If the cavity does not change the number and energy distribution of crossing electrons in the 
irradiated medium, exclusively depositing energy in the cavity, then the following 
relationship applies: 
𝑬𝒗 =  𝑱𝒗𝑾𝝆                   …  (5) 
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where  is the energy absorbed per unit volume of the medium.  is the ionization per unit 
volume produced in the cavity.  𝑊 is the average energy lost by the secondary electrons  per 
pair of ions formed in the cavity, and 𝜌 is the ratio of stopping power of the medium and the 
cavity for the secondary electrons. Thus for example, using the NIST ESTAR tabulations for 
electrons of energy 60 keV and 200 keV in graphite (density of 1.7 g cm-3), the respective 
ranges (using the Completely Slowing Down Approximation, CSDA) are 39 Pm and 300 Pm.  
 
3.3 Radiation Therapy  
 Radiation therapy, also known as radiotherapy, x-ray therapy, or irradiation, is one of 
the methods commonly adopted by oncologists for the treatment of cancer. Other cancer 
treatment methods in contemporary medicine, as outlined by (Delwiche 2013), include 
chemotherapy and surgery. Radiation therapy can be undertaken alone or administered 
together with the other two treatment methods - chemotherapy and surgery. According to the 
American Cancer Society (ACS), radiotherapy mainly relies on high-energy particles/waves, 
including x-rays, protons, or electron beams to kill tumour cells or cancer cells (ACS 2015). 
Treatment of cancer through radiation therapy entails giving the cancer patient specific, 
accurate, precise, and targeted doses of radiation. In order to ensure such precision and 
accuracy, a dosimeter is placed within a radiation beam, which generates an electrical charge 
within the dosimeter (IAEA 2017). Based on the magnitude of current or electric charge, 
typically using ICs, radiation therapists are able to determine the corresponding quantity of 
deposited energy that is received by the dosimeter (IAEA 2017). The electrical quantity 
received by the dosimeter is then converted into a radiation dose through the application of a 
calibration coefficient, which is a number that signifies the amount of radiation on the basis 
of corresponding electrical quantity (IAEA 2017).  
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However, the accuracy and precision attributed to the measurement of the electrical 
quantity is dependent on a number of factors, including the radiation beam in which the 
dosimeter is placed (i.e. electrons, protons etc), the material the dosimeter is made of, as well 
as the environmental conditions (temperature, pressure and humidity) at the time of 
measuring the electrical quantity (IAEA 2017). Therefore, considering its significance in 
radiation dosimetry, especially in radiation therapy, what are the various types of radiation 
dosimeters employed in radiation therapy? What are the physical principles of the 
dosimeter(s)? What are its applications in radiation dosimetry? What advantages and 
disadvantages characterize the dosimeter(s) with respect to its application in radiation 
dosimetry? Is the dosimeter soft or calcified tissue equivalent? Is the dosimeter fulfilling the 
Bragg-Gray Cavity Theory? The next sections of the review thus attempt to answer these 
questions. 
3.4 Radiation Dosimeters: 
 (Izewska and Rajan 2005) described a radiation dosimeter as a medical device that is 
used by radiation therapists or oncologists to measure and/or evaluate the quantities of the 
absorbed or equivalent dose, or the dose rates, or relative amounts of ionizing radiation. The 
radiation dosimeter is complemented with a reader, and together these constitute a dosimetry 
system (Izewska and Rajan, 2005). The dosimetry system is employed in the experimental 
determination of the dosimetric quantity, the value of which is the outcome of the 
measurement and which is “expressed as the product of a numerical value and an appropriate 
unit” (Izewska and Rajan, 2005, p.71). The dosimeters are applicable in a number of areas as 
explored in the following subsection.  
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3.5 Application of Dosimeters: 
 Generally, dosimeters can be applied in a number of fields, including diagnostic, 
radiology, radiation therapy, etc. The application of dosimeters is dealt with in-depth later in 
the course of the review.   
3.5.1 Types of Radiation Dosimeters: 
  A number of radiation dosimeters have been developed, tested, and used in radiation 
dosimetry for purposes of radiation therapy. Notable examples include thermoluminescent 
dosimeters (TLDs), radiochromic films, optical fibres or silica fibres, silicon diodes, 
ionization chambers (ICs), and metal-oxide field-effect transistors (MOSFETs) (Hyer et al., 
2009, Lambert et al., 2007, Zhuang et al., 2016). The purposes of this review, radiation 
dosimeters are classified into two main techniques namely: active radiation dosimeters/active 
radiation detection device and passive detectors (typically integrating dosimeters). The active 
radiation dosimeters include ICs, semiconductor diodes, and water-equivalent plastic 
scintillation detectors. Passive detectors on the other hand include radiochromic films, 
phosphor-based TLDs, Silica-based TLDs and Silica-based fibres. An in-depth review of 
these classifications together with their respective medical applications as well as advantages 
and disadvantages is presented in the course of this review.  
 According to Zhuang et al. (2016), the TLD detectors exist in chip, cube or rod types. 
Pending treatment, the TLDs can be positioned externally on the body of the patient. In the 
subsequent radiation therapy, the TLD detector devices are then able to absorb energy, 
ionizations occurring throughout the bulk device (Jarnet et al., 2004). The subsequent readout 
requires the heating up of the TLD detector, with consequent emission of visible light from 
the typically crystalline medium making up the TLD detector device (Kirby et al., 1986). The 
amount of light emitted from the dosimeter medium is most often proportionate to the amount 
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of radiation the TLD device receives during radiation therapy (Liuzzi et al., 2015). Studies by 
(Yoshimura and Yukihara 2006); (uz Zaman et al., 2011); Liuzzi et al. (2015); and Zhuang et 
al. (2016) have established that due to their smaller size, TLD detector devices such as 
dysprosium-activated calcium fluoride (e.g. TLD-200) and lithium fluoride (e.g. TLD-100, 
TLD-600, TLD-700) are able to provide dose data with relatively high spatial resolution. 
However, Yoshimura and Yukihara (2006) note that the TLDs lack the ability to provide real-
time information regarding the delivered dose. Table 1 provides some of the existing multi-
element TLD card dosimeters available in the market and their relative specifications. 
Table 1: Sample TLDs Available in the Market and their Dimensions 
No. Example of TLD Specification 
1. TLD-100 Microcube 1 x 1 x 1mm 
2. TLD-100 Chip 3.2 x 3.2 x 0.15 mm 
3. TLD-100 Chip 3.2 x 3.2 x 0.38 mm 
4. TLD-100 Chip 3.2 x 3.2 x 0.89 mm 
5. TLD-100 Disk Diameter: 3.6 x 0.25 mm 
6. TLD-100 Disk Diameter: 3.6 x 0.38 mm 
7. TLD-100 Disk Diameter: 4.5 x 0.6 mm 
8. TLD-100 Disk Diameter: 4.5 x 0.89 mm 
9. TLD-100 Chip Pelletized, 3.2 x 3.2 x 0.89 mm 
10. TLD-100 Disk Diameter: 3 × 0.38 mm 
11. TLD-100 Rod Diameter: 1 × 3 mm 
12. TLD-100 Rod Diameter: 1 × 4 mm 
13. TLD-100 Chip 6.35 × 6.35 × 0.89 mm 
14. TLD-100 Rod Diameter: 1 × 2 mm 
15. TLD-100 Square Rod 1 × 1 × 6 mm 
Source: Thermo Fisher Scientific (ThermoFisher 2016). 
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The silica-based optical fibres function in a similar way. However, they have the ability to 
provide for much greater spatial resolution, in the range of about 0.1 mm (Bradley et al., 
2017), making them among the smallest of TLDs, also demonstrating great performance and 
reliability; for more details see the reviews of David Bradley and group (Bradley et al., 
2012b, Bradley et al., 2017). 
         In radiation dosimetry, the active silicon diodes are normally characterized by limited 
applicability because they are temperature dependent, are damaged by radiation and highly 
dependent on photon energy (Dixon and Ekstrand 1982), a phenomenon that (Smith et al., 
1977) attributed to the physical size of the silicon diodes (the physical size of a typically 
available single diode is 1.5 × 1.5 × 0.425 mm3). Electronic semiconductor diodes do 
however offer certain advantages, given that they can be utilized directly for purposes of 
measuring radiation dose, without having to correct for depth dependence (Kinhikar et al., 
2012). Radiochromic films, yet another of the passive dosimeter types, are on the other hand 
a radiation dosimeter that has the capacity to provide spatially extensive dimension 
measurements for 24-48 hours after radiation therapy (Devic 2011). The radiochromic thin 
film (a radiochromic dosimeter) has a dose range of 0.5-200 kGy. The FWT-60 series 
Radiochromic Dosimeters available in the market are FWT-60-00 (1 cm x 1 cm x 42-52 
microns); FWT-60-20T (10 x 10 cm sheets); FWT-60-20F (15 x 15 cm); and FWT-60-20S 
(custom sizes to 45 x 15 cm). One of the disadvantages associated with the radiochromic 
films is ironically radiation damage, which leads to the generation of dose intensity 
dependence (Zhuang et al., 2016). Also, according to (Liu et al., 2015), the response of the 
radiochromic film is dependent on a range of environmental conditions, including 
temperature and humidity, all which can have an adverse effect on the dose-rate. Appropriate 
factors must therefore be adopted for purposes of correcting the radiochromic film response 
results (Zhuang et al., 2016). The MOSFETs, a silicon chip form, typically of dimension (2.5 
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mm × 8 mm × 1.3 mm thick) are on the other hand detectors that measure variations in 
voltage shift in the diode before and after exposure of the diode to ionizing radiation 
(Yoshizumi et al., 2007). Their small detector size allows pinpoint measurements. In addition 
to their small detector size, the MOSFETs are lightweight (minimising any discomfort to the 
patient), require minimal power, are easy to use and provide for online readout (Sun et al., 
2017). However, the MOSFETs are known to suffer from an accumulating dose effect, a 
phenomenon that significantly limits the lifetime of these dosimeters (Benevides and 
Hintenlang 2006). Studies by (Koivisto et al., 2014) and Sun et al. (2017) have also 
established that the MOSFETs lack sufficient sensitivity when positioned at distances beyond 
10 cm from the radiation source, a phenomenon that limits their utility.  
 The ICs are often regarded by most authors to be the instruments of choice for 
measuring absolute radiation dose (Zhuang et al., 2016). The ICs provide a point-by-point 
measurement of radiation, depending on charge generation within an electric field (Zhuang et 
al., 2016). Despite being regarded in the practice of radiation therapy as the gold standard 
instrument for purposes of ensuring QA, the ICs are not devoid of shortcomings. For 
instance, a major disadvantage associated with the IC as a radiation measurement instrument 
is its dependence on relatively high voltages to generate the requisite electric field (EF) for 
the detection of radiation (Palmans et al., 2010). In this regard, Zhuang et al. (2016) consider 
the ICs completely incompatible for in-vivo uses. Another disadvantage associated with the 
ICs is that the use of these devices requires “deployment of dose ionization conversion 
factors” (Zhuang et al., 2016, p.3), a feature that Zhuang et al. (2016) further note displays an 
increasing dependence on electron beam dose-rate, as one example.  
 In view of the various shortcomings associated with the conventional dosimeters 
discussed above, Zhuang et al. (2016) in their study: Embedded Structure Fibre-optic 
Radiation Dosimeter for Radiotherapy Applications, presented a novel alternative method for 
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radiation monitoring using scintillators and based on an ordinary plastic optical fibre (POF) 
made of polymethyl methacrylate (PMMA). According to Zhuang et al. (2016) this 
alternative radiation monitoring approach is characterized by a wide range of advantages, 
including low mass, reproducibility, small dimensions, real-time operations, a longer 
operating length, continuous sensitivity, insensitivity to external electromagnetic fields, as 
well as dose linearity. In addition, Zhuang et al. (2016) note that the alternative radiation 
monitoring approach entails a radiation measuring system that is not only simple and robust, 
but also clinically compatible.  
 Scintillating materials used in radiation dosimetry can be classified into organic and 
inorganic (Qin et al., 2016). Organic scintillating materials comprise plastic scintillators 
(Zhuang et al., 2016). Radiation dosimeters that have been developed using scintillators are 
often characterized by a tip composed of a scintillating material that is optically coupled to an 
optical fibre end (McCarthy et al., 2014). Exposure of the scintillator to ionizing radiation 
leads to the generation of an optical signal that is guided toward a remotely placed detecting 
device from the radiation zone by the optical fibre (Zhuang et al., 2016). Separate extensive 
literature reviews undertaken by different scholars (Beddar et al., 1992, Beddar et al., 2001, 
Clift et al., 2000, Clift et al., 2002) to compare plastic scintillator radiation dosimeters with 
traditional detector systems found that the former exhibited desirable dosimetric 
characteristics. However, despite their numerous advantages, Zhuang et al. (2016) point out 
that the plastic scintillator radiation dosimeters are also not devoid of shortcomings. For 
instance, the plastic scintillator radiation dosimeter is characterized by a low signal-to-noise 
ratio (SNR), which arises from the Cerenkov radiation emission (Zhuang et al., 2016). In 
order to overcome this shortcoming, a parallel-paired fibre light guide together with identical 
photomultiplier tubes (PMTs) are incorporated in the design of the plastic scintillator 
radiation dosimeter. This helps in subtracting the background signal occasioned by the 
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Cerenkov radiation emission. Nevertheless, Zhuang et al. (2016) contend that this approach 
to solving the problem of low SNR leads to a significant enlargement of the volume of the 
plastic scintillator radiation dosimeter.  
 Whereas the organic (i.e. plastic) scintillator radiation dosimeters are characterized by 
low SNR, those that are developed using inorganic scintillating materials exhibit high SNR. 
For instance, McCarthy et al. (2014) fabricated a radiation dosimeter by employing an 
extrinsic fibre optic sensor. The development of the dosimeter fabricated by McCarthy et al. 
(2014) entailed injection of a mixture of Gd2O2S:Tb (i.e. a scintillating phosphor material), 
hardener, and an epoxy resin onto an exposed PMMA optical fibre. Even though the 
fabricated dosimeter demonstrated clinical significance, its design occasioned a homogeneity 
shortcoming with “relatively low light efficiency” (cited in Zhuang et al., 2016, p.3), which 
consequently limited the dosimeter’s ability to display satisfactory response. Cognizant of the 
shortcoming(s) of the dosimeter fabricated by McCarthy et al. (2014), Zhuang et al. (2016) 
fabricated a new type of inorganic dosimeter using a novel structure to aid in the 
measurement of low-energy absorbed radiation dose from a clinical linear accelerator 
(CLINAC). Given its embedded structure, the new inorganic dosimeter by Zhuang et al. 
(2016) not only exhibited the advantages associated with inorganic dosimeters, but also 
demonstrated ability to overcome the homogenous and low coupling efficiency shortcomings 
associated with most dosimeters. An assessment of repeatability and linear response of the 
embedded inorganic dosimeter by Zhuang et al. (2016) in accordance with the dose rates of 
CLINAC produced a depth-dose curve for a 6 MV photon beam. Therefore, in view of the 
foregoing, what then constitute the physical principles of a good dosimeter? The next 
subsections of the review explore this important question.  
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3.6 Physical Principles of Radiation Dosimeters: 
 In order to effectively serve as an effective tool for radiation dosimetry, particularly 
for purposes of radiation therapy, the dosimeter is expected to exhibit a range of desirable 
characteristics and adhere to certain physical principles. For instance, the radiation dosimeter 
is expected to have the ability to accurately determine the exact quantity of absorbed dose to 
water at a specific point (Izewska and Rajan, 2005). In addition, Izewska and Rajan (2005) 
point out that the dosimeter must precisely derive the dose to the target organ within the 
patient, ideally in real-time. In line with the study conducted by Izewska and Rajan (2005), 
the physical principles of a radiation dosimeter in the context of this review are characterized 
by precision, accuracy, dose/dose-rate dependence, linearity, spatial resolution, energy 
response, as well as directional dependence. Nonetheless, it is important to note at this 
juncture that no single dosimeter can possess all the desirable characteristics. However, as 
pointed out by Bale (1960), the choice of the dosimetry system has to be made judiciously, 
taking cognizance of the characteristics of the measurement situation. For instance, for beam 
calibrations, radiation therapy ionization chambers are often considered appropriate for 
evaluating the dose distribution to the target organs as well as the verification of such dose 
(Verma et al., 2016). The following is an in-depth review of the physical principles of 
radiation dosimeters. 
3.6.1 Accuracy and Precision: 
 The uncertainty associated with the measurement of radiation in radiotherapy is often 
expressed in terms of accuracy and precision, with the latter specifying the reproducibility of 
the radiation measurements under similar conditions (Izewska & Rajan, 2005). In 
radiotherapy, accuracy of dosimetric measurements implies the proximity of the expected 
dosimetric value to the “true/actual value” of the measured quantity of radiation (Horton, 
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1987). Since the results of dosimetric measurements are not often absolutely accurate, the 
inaccuracy associated with such measurements is described as “uncertainty” (Izewska and 
Rajan, 2005, p.72). In radiotherapy dosimetry, dosimetric measurement uncertainties are 
evaluated by using either Type A (statistical methods) or type B (scientific judgment using all 
of the relevant information available e.g. manufacture’s specifications, previous measurement 
data, etc), see Good Practice Guide No11 (Stephanie 2001).  
3.6.2 Linearity: 
 In the ideal situation, the dosimetric quantity Q and the dosimeter reading M are 
expected to be linearly proportional (Izewska & Rajan, 2005). Nevertheless, a non-linear 
relationship between the values of M and Q are often witnessed beyond certain dose ranges 
(Attix, 1986). The linearity of the relationship between Q and M as well as the non-linearity 
behaviour of the values of Q and M are influenced by the type of radiation dosimeter used for 
the measurement as well as the physical characteristics of the dosimeter (Izewska & Rajan 
2005). Figure 6 presents two typical examples of response characteristics of a dosimeter and 
its reader (i.e. the dosimetry system) as used by to explain Izewska and Rajan (2005) to 
demonstrate the linearity and non-linearity behavior.   
 
Figure 6: Response characteristics of two dosimetry systems. Source: (Izewska and Rajan, 2005, p.75). 
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 In the case of curve A, linearity with dose is first exhibited before supralinear 
behaviour is acquired, and a saturation point is then finally attained. This is different from the 
case of curve B where linearity is at first exhibited before saturation at high doses is attained 
(Izewska & Rajan, 2005). In view of the trends exhibited by the dosimetry system A, as 
shown in figure 6, there is need to correct nonlinear behaviour for the dosimetry systems. 
According to Izewska and Rajan (2005), even though a dosimeter and its reader may in 
certain circumstances display both linear and non-linear characteristics, the combined effect 
of the dosimetry system can sometimes result in linearity over wider ranges. 
3.6.3  Dose Rate Dependence: 
 The principle of dose-rate dependence holds that for integrating systems such as the 
dosimetry systems of present interest, the measured dosimetric quantity and the rate of the 
dosimetric quantity are independent of each other (Sellakumar et al., 2010). In fact, in an 
ideal situation, the dosimetric response M/Q (dosimeter reading “M”/dosimetric quantity 
“Q”) at two varying dose rates [i.e. (dQ/dt)1 and dQ/dt)2] is expected to be a constant value 
(Izewska & Rajan, 2005). However, in practice, the ideal situation rarely exists, and the 
dosimeter reading are often influenced by the dose rate (Brualla-González et al., 2015). In 
this regard, Izewska and Rajan (2005) urged the need for undertaking appropriate corrections 
such as recombining ionization chambers in pulsed beams to establish the correction factors 
to account for the incomplete collection of ions at adequately high voltages. Recently, 
(Bruggmoser et al., 2006) published saturation coefficients for a different cylindrical 
chambers and plane parallel in pulsed electron and photon beams up to 42 mGy pulse−1. 
22 
 
3.6.4 Energy Dependence: 
 In radiotherapy dosimetry, the dosimetry system’s response M/Q is basically 
determined by the quality of the radiation beam (the beam energy) in which the dosimeter is 
placed (Izewska and Rajan, 2005). Energy dependence refers to a change in instrument 
response with respect to the energy of radiation at a constant exposure or exposure rate. 
Normally, the calibration of the dosimetry system is intended for a specified radiation beam 
quality, and employed for relatively wider energy ranges (Looe et al., 2017). The dosimeter 
system’s response to radiation quality variation thus calls for correction (Izewska and Rajan, 
2005). In ideal situations, the dosimetry system calibration is expected to be independent of 
energy. However, in reality, the determination of Q for a number of radiation measurements 
entails the inclusion of the energy correction. The dose to water/tissue is normally the 
quantity of interest in the case of radiation therapy (Izewska and Rajan, 2005). Given that no 
single dosimeter employed in radiotherapy dosimetry is water/tissue equivalent for every 
radiation beam quantities involved, Izewska and Rajan (2005) identified the energy 
dependence principle as a critical aspect of the dosimetry system.  
3.6.5 Directional Dependence: 
 The directional or angular dependence of a dosimeter refers to the variation in its 
response with the angle of incidence of radiation (Izewska and Rajan, 2005). Based on their 
constructional details, the energy of the incident radiation as well as their physical size, 
dosimeters often display directional dependence (Orita et al., 2015). The principle of 
directional dependence is an important dosimetric characteristic to consider when employing 
the dosimetry systems in in-vivo dosimetry, especially when semiconductor dosimeters are 
used (Izewska & Rajan, 2005).  
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3.6.6 Physical Size and Spatial Resolution: 
 Given the point-quantity nature of a dose, an effective dosimeter should allow the 
determination of such dose at nanoscale (Izewska and Rajan, 2005). The spatial location of a 
dose refers to the location of the point where the dose is determined. Therefore, the spatial 
location needs to be clearly defined within a reference coordinate system (Berg et al., 2013). 
The MOSFETs and commercial TLDs are examples of point dosimeters (i.e. are relatively 
small in dimensions) but so too are the optical fibres, developed with a range of diameters 
(0.1 mm to ~ 1 mm), also allowing for the approximation of point measurements (Bradley et 
al., 2017). Film dosimeters and gels have impressive 2-D and 3-D resolutions respectively, 
and it is ultimately the resolution of the evaluation system that limits the point resolutions in 
these dosimeters (Izewska & Rajan, 2005). However, for the ICs, their finite sizes limit their 
ability to deliver the requisite sensitivity, although this shortcoming has since been partially 
overcome by new generation of pinpoint microchambers (Berg et al., 2013). The original 
cylindrical IC (also known as a thimble chamber) was for instance of volume 0.6 cm3. Most 
cylindrical ICs have volumes ranging between 0.1 and 1 cm3.  
3.6.7 Readout Convenience: 
 In radiation therapy dosimetry, direct reading dosimeters or active radiation 
dosimeters such as ICs are often considered more convenient than their passive counterparts 
such as the TLDs and film dosimeters. This is attributed to the fact that passive dosimeters 
are only readable upon due processing following the exposure (Izewska & Rajan, 2005). In 
addition, the ICs allow for measurement to be undertaken in both integral and differential 
modes as opposed to the TLDs and gels, which can only measure in integral mode (Izewska 
& Rajan, 2005).  
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3.6.8 Convenience of Usage: 
 Convenience of use is an important aspect of dosimetric utility in radiation therapy. 
Among the various dosimeters available for radiation dosimetry, the ICs are reusable, and 
such reusability has minimal or no effect on their sensitivity within their lifespan (Martin 
2007). This is perhaps not true for the semiconductor dosimeters, which despite being 
reusable, lose their sensitivity gradually within their lifespan (Martin 2007). The films and 
gels are designed for measuring dose distribution in a single exposure (Izewska & Rajan, 
2005). In terms of handling, the ICs are relatively rugged, and hence their sensitivity are little 
affected by handling. This is contrary to the TLDs, whose sensitivity is affected by handling 
(Izewska & Rajan, 2005).  
3.7 Active and Passive Dosimeters: 
 In subsection  3.5.1 of this review, it had been stated that this review is essentially 
focused on two main classifications of radiation dosimeters, namely active and passive 
radiation dosimeters. Izewska and Rajan (2005) while exploring radiation dosimeters 
developed five categories of dosimetry systems, namely: (i) ionization chamber dosimetry 
systems; (ii) film dosimetry systems; (iii) luminescence dosimetry systems; (iv) 
semiconductor dosimetry systems; and (v) other dosimetry systems (e.g. plastic scintillator 
dosimetry systems, gel dosimetry systems, diamond dosimeters, etc). Therefore in this 
section, and while taking cognizance of the classifications by previous authors, the review 
provides an in-depth analysis of the various dosimeters, outlining their characteristics, 
applications, advantages, as well as disadvantages, with the ultimate goal of determining two 
essential principles; whether the dosimeter fulfills the Bragg-Gray Cavity Theory and 
whether is it tissue equivalent. 
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3.7.1 Active Radiation Dosimeters: 
 To reiterate, active radiation dosimeters are also known as active radiation detection 
devices. Under this classification, a number of radiation dosimeters exist, including 
dosimeters that belong to the ionization chamber dosimetry system (e.g. the ICs); the 
semiconductor dosimetry system (e.g. the semiconductor diodes); as well as other dosimetry 
systems such as the plastic scintillator dosimetry system (e.g. the water equivalent plastic 
scintillation detectors), gel dosimetry system, and diamond dosimeters. The following 
sections provide an in-depth review of the active radiation dosimeters.  
3.7.1.1  Ionization Chamber Dosimetry: 
 The ionization chamber dosimetry system comprises chambers and electrometers, 
cylindrical (thimble type) ICs, parallel-plate (plane-parallel) ICs, brachytherapy chambers, as 
well as extrapolation chambers. The ICs are mainly employed in radiation therapy and 
diagnostic radiology for purposes of determining radiation dose (Sharifi et al., 2015). In 
radiation therapy, dose determination is often referred to as beam calibration (Izewska & 
Rajan, 2005). The ICs are designed with varying shapes and sizes to meet specific 
requirements. Nonetheless, the ICs are essentially designed with gas-filled cavities enclosed 
by a conductive outer and a centrally positioned collecting electrode, as shown in figure 7. A 
high quality insulator is used to separate the collecting electrode from the wall of the IC. The 
separation is necessary for reducing the leakage current when the chamber receives a 
polarizing voltage (Izewska and Rajan, 2005). The guard electrode is provided for purposes 
of reducing chamber leakage by intercepting leakage current and directing the flow of the 
current to the ground. Standard ICs are made of carbon-coated microfilms. 
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Figure 7: Design Characteristics of the 0.6 cm3 Cylindrical Ionization Chamber. Source: (Izewska & Rajan, 2005, 
p.77). 
In addition, the guard electrode also enhances field uniformity in the sensitive volume of the 
chamber, hence leading to increased charge collection (Izewska & Rajan, 2005). The 
cylindrical chambers are produced with active volumes typically ranging from 0.1 and 1 cm3, 
typically with an internal length that is ≤ 25 mm and an internal diameter that is ≤ 7 mm 
(Izewska & Rajan, 2005). The IC’s wall material is tissue/air equivalent (i.e. of low atomic 
number Z). The aluminium central electrode of 1 mm in diameter helps in the fulfilment of 
the principle of flat energy dependence (Izewska & Rajan, 2005). Given their favourable 
physical and chemical properties such as that of surface charge, structure, size distribution, 
surface area, surface chemistry, purity of the samples, size distribution, as well as 
agglomeration, graphite and carbon have proven useful and promising in nanotechnology 
(Eatemadi et al., 2014). These chemical and physical properties have considerable impact on 
the reactivity of graphite and carbon nanotubes (Eatemadi et al., 2014).  
 Measurement of absorbed radiation dose and QA enhancement lies at the core of 
radiation therapy dosimetry (Funaro et al., 2013). The ICs are capable of high accuracy, being 
also practicable and reliable and are hence considered the most important dosimeter in 
radiation therapy dosimetry. In addition, these dosimeters are characterized by real-time read-
out and a well-developed understanding of the necessary corrections. All these advantages 
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thus make the ICs suitable for beam calibration (Izewska & Rajan, 2005). However, their 
relatively large physical sizes (i.e. 0.1 and 1 cm3) often limit their spatial resolution (Funaro 
et al., 2013). The relatively larger size of the ICs also implies that these dosimeters require a 
high bias voltage to attain the appropriate collection of charge, a phenomenon that 
compromises their use for in-vivo radiation therapy dosimetry (Zhuang et al., 2016). In 
addition, most ICs require connecting cables and a high voltage supply, as well as numerous 
corrections, especially for high energy beam dosimetry (Izewska & Rajan, 2005).  
 Graphite and carbon nanotubes are now being used in the development of ICs to allow 
for the development of miniaturized ICs. In addition, the use of graphite and carbon 
nanotubes helps in the improvement of IC performance, in terms of best charge collection 
efficiency as well as improved working, especially in lower bias voltages as well as zero volts 
(Funaro et al., 2013). This was confirmed in a study by Funaro et al. (2013) in which the 
researchers proposed novel real-time radiation ICs with collecting electrodes based on 
graphene or vertically aligned multiwall carbon nanotubes (MWCNTs). The results of the 
study showed that ICs developed based on graphene or carbon nanotubes provided best 
charge collection efficiency in addition to working effectively to lower bias voltages and zero 
volts (Funaro et al., 2013). In addition, the graphene or carbon nanotube-based ICs do indeed 
allow for miniaturization and hence have proved suitable for in-vivo applications (Funaro et 
al., 2013).    
3.7.1.2  Semiconductor Dosimetry: 
 The silicon diode dosimeter, a p-n junction diode, is a member of the category of 
semiconductor dosimetry systems. For this dosimeter, the production of diodes entails 
counter-doping the surface of n-type or p-type to produce the opposite type material (Izewska 
and Rajan, 2005). The diodes produced in this manner are referred to in radiation dosimetry 
as n-Si or p-Si dosimeters, depending on the material whose surface is counter-doped. 
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Whereas both the n-Si or p-Si dosimeters are available in the market, only the p-Si dosimeters 
are suitable for radiation therapy applications (Izewska & Rajan, 2005). This is because the p-
Si dosimeters are least affected by radiation damage. In addition, the p-Si dosimeters are 
characterized by small dark current. As a result of irradiation, electron-hole (e-h) pairs and 
charges are produced in the dosimeter. The produced charges are then diffused into the 
depletion region from where they are dispersed due to the electric field created by the 
intrinsic potential. This movement leads to generation of current in the diode, but in the 
opposite direction (Izewska and Rajan, 2005).  
 The semiconductor diodes are suitable for short circuit mode, considering that this 
mode is characterized by a linear relationship between the dose and measured charge 
(Zhuang et al., 2016). In terms of advantages the diodes are small in size (a popular size is 1.5 
× 1.5 × 0.425 mm3) and more sensitive than ICs. However, unlike the ICs, the sensitivity of 
diodes changes when used, a result of radiation damage. The diodes are mostly suitable for 
measurements in nanofields employed in stereotactic radiosurgery. Contrary to ionization 
measured by the ICs, diodes allow for direct measurement of dose distribution when 
employed in the measurement of electron beam depth dose (Izewska and Rajan, 2005). These 
kinds of dosimeter are not suitable for long radiotherapy treatments because they exhibit 
variation in dose response with temperature (Zhuang et al., 2016).  
3.7.1.3  Other Dosimetry Systems: 
 Examples of dosimeters in this category include water equivalent plastic scintillation 
dosimeters, diamond dosimeters and the gels. The plastic scintillators are somewhat new 
developments in radiation therapy dosimetry. One of the advantages of these dosimeters is 
that they can be miniaturized and still provide sufficient sensitivity for radiotherapy 
dosimetry. This therefore makes them suitable for use in cases involving high spatial 
resolution such as high dose gradient regions and/or interface regions (Izewska and Rajan, 
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2005). In addition, plastic-based scintillation dosimeters have impressive reproducibility and 
long-term stability, since they are not significantly affected by radiation damage (Zhuang et 
al., 2016). Moreover, these dosimeters are not dependent on dose-rate, and hence are suitable 
for use ranging between 10 µGy/min and 10Gy/min (Izewska and Rajan, 2005). Furthermore, 
the plastic-based scintillation dosimeters besides not requiring pressure and ambient 
temperature, are not characterized by significant directional dependence.  
 The gels are considered as the only real 3-D dosimeters appropriate for the 
measurement of relative dose (Izewska and Rajan, 2005). Apart from being a dosimeter, 
Izewska and Rajan (2005) note that the gel is a phantom that has the ability to measure 
absorbed dose distribution in a full 3-D geometry. The gels are closely tissue equivalent and 
can be fashioned to any desired form and shape. This therefore makes them appropriate for 
in-vivo applications (Zhuang et al., 2016). The gel dosimetry can be classified as Fricke MRI 
gel and polymer gels. The Fricke MRI gel is based on the Fricke dosimetry, and involves the 
dispersal of Fe2+ ions contained in SO4 solution throughout gelatine, PVA matrix, or agarose 
(Izewska and Rajan, 2005). The continuous post-irradiation diffusion of Fe2+ ions is regarded 
as a major limitation of the Fricke MRI gel (Zhuang et al., 2016).  Polymer gel on the other 
hand involves dispersal of monomers such as acrylamide in a gelatine or agarose matrix. 
Such monomers then undergo a polymerization reaction, giving rise to a 3-D polymer gel 
matrix, which can be evaluated using ultrasound or optical tomography (Izewska and Rajan, 
2005). Polymer gels are almost water equivalent due to the large portion of water that 
characterizes them. The gel dosimetry is a relatively promising technique in automatically 
shaped phantoms as well as complex clinical circumstances.  
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3.7.2 Passive Radiation Dosimeters: 
 Passive radiation dosimeters are also typically known as integrating dosimeters, and 
include dosimeters within the film dosimetry system (e.g. the radiochromic films) and the 
luminescence dosimetry system (e.g. the phosphor-based TLDs and silica-based TLDs). 
These dosimeters are discussed in depth in the following sections:  
3.7.2.1  The Film Dosimetry System: 
 The film dosimetry systems are dominated by silver halide radiographic films and 
also radiochromic films. Radiographic x-ray films continue to be applied in radiation therapy, 
diagnostic radiology, as well as radiation protection (Devic 2011). A radiographic x-ray film 
can serve four important functions in radiation dosimetry, including detecting radiation, 
acting as a relative dosimeter, as well as acting as a display device and an archival medium 
(Izewska and Rajan, 2005). A number of radiographic x-ray films are available for 
applications in radiation therapy dosimetry, including phosphor screen radiographic x-ray 
films, which serve as simulators (Izewska and Rajan, 2005). Thus said, as a recording 
medium in imaging they are rapidly being replaced by digital imaging devices. 
 Conversely, the radiochromic systems are novel types of film in radiation therapy 
dosimetry and are commonly employed as GafChromic films (Liu et al., 2015). These films 
are fitted with a special dye, which become polymerized when exposed to light. One of the 
advantages of the radiochromic films is that they are self-developing, and hence require no 
fixer or developer (Izewska and Rajan, 2005). In addition, given their grainless nature, these 
types of dosimeters are characterized by extremely high resolution and are hence suitable for 
high dose gradient regions. Unlike the radiographic films, the radiochromic films are easy to 
use, do not require darkroom facilities or film cassettes, are dose-rate independent, and 
possess better energy characteristics (Izewska and Rajan, 2005).  
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3.7.2.2  Luminescence Dosimetry System: 
 Certain materials retain part of the absorbed radiation (energy) in metastable states, to 
be subsequently released in various forms, including infrared/visible light or ultraviolet (UV) 
light (Izewska and Rajan, 2005). This phenomenon is known as luminescence. This category 
of dosimetry comprises fluorescence and phosphorescence, both of which are dependent on 
time delay between stimulation and light emission (Jarnet et al., 2004), albeit with completely 
different time signatures; the phosphorescent emission has particularly long-lived decay 
duration. TLDs are thermoluminescent materials, which are applied purposefully for 
dosimetry. The TLDs that are commonly employed for medical applications include 
LiF:Mg,Ti, Li2B4O7:Mn and LiF:Mg,Cu,P (Izewska and Rajan, 2005). The suitability of 
these TLDs for medical applications is attributed to their tissue equivalence and high 
sensitivity. Annealing a basic TLD before using it is necessary for the purpose of erasing the 
residual signal (Zaman et al., 2011). When used in radiation therapy, a typical commercially-  
available well-prescribed TLD will produce a linear dose response over a wide range of dose. 
In terms of applications, the TLDs are suitable for in-vivo dosimetry, dosimetry audits, 
treatment verification in different phantoms, as well as comparisons among hospitals 
(Izewska and Rajan, 2005), otherwise known as audits. 
3.8 Thermoluminescence of Ge-doped SiO2 Optical Fibres and Glass 
Beads 
3.8.1 Introduction 
 Radiation dosimetry, construed in the fields of medical physics and health physics to 
be the measurement and assessment of the amount of radiation dose the human body 
receives, has gained significant interest among medical and health physics professionals, 
underpinning as it does diagnosis and, for present interests, effective treatment of cancer 
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patients. The current major approach to cancer treatment by radiotherapy tends to be 
utilisation of high-energy electromagnetic waves such as x-rays, gamma-rays (Nawi, Siti 
Nurasiah Binti Mat et al., 2015) and also electrons (Murthy et al., 2015, Salguero et al., 2010, 
Shen et al., 2015), with at the present time the use of ion-beam therapy and neutrons being 
much less prevalent (Ohno 2013, Sulaiman et al., 2014, Takagi et al., 2013). In such 
treatment the intent is clearly to massively eradicate the viability of the cells of a localised 
tumour (in as far as is possible, killing the greater fraction of the cancerous cells in a tumour, 
seeking to enhance the so-called local tumour control probability, TCP) while minimising 
cell death in surrounding normal tissues, a quest defined in terms of this therapeutic ratio 
(ACS 2015).  
 The treatment situations referred to above call for the observance of a high degree of 
quality assurance in efforts to help ensure effective radiotherapy, radiation being a two-edged 
sword, being able to kill cancer cells but also being a potential carcinogenic factor, the risk 
increasing with dose (a concern in regard to the irradiation of healthy tissue surrounding the 
target volume). A major part of such endeavours involves the use of dosimeters, often 
typically being active devices but also sometimes being devices that are passive, placed in 
beams that are most often generated by tube x-ray devices or nowadays more usually by 
linear accelerators (IAEA 2016). As has been previously mentioned, a radiation dosimeter is 
a device that measures and leads to assessment of the amount of absorbed radiation dose 
received by the body. Various dosimeters currently exist in the market. One such example, as 
discussed above, are thermoluminescent dosimeters (TLD), a passive form of dosimeter, 
measuring exposure from ionising radiation (IR) in a multi-step process, in this case in two-
steps, irradiation and subsequent readout. To-date such TLDs have typically comprised a 
crystalline medium suitably doped to provide for a required level of sensitivity, two examples 
of which are based on calcium sulphate: CaSO4:Dy and CaSO4:Tm, providing for trapping of 
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electrons when irradiated and emitting light (detected by a photomultiplier tube most 
typically) when exposed to a controlled level of heat (Carnicer et al., 2011).  
Other than conventional TLDs, one further example of which is LiF:Mg,Ti, Ge-doped 
SiO2 optical fibres and variously doped glass beads are being developed at the University of 
Surrey as well as elsewhere as novel forms of thermoluminescent (TL) dosimeter. There are 
now numerous empirical investigations that have been undertaken of these (Benabdesselam 
et al., 2013, Bradley et al., 2014, Jafari et al., 2014a, Nawi et al., 2015), seeking to establish 
their potential for in vivo and/or small-field radiation therapy dosimetry, as well as in 
brachytherapy. This review is therefore intended to examine the basis of the 
thermoluminescence of Ge-doped SiO2 optical fibres and glass beads, with a view to 
establishing their advantages for radiation therapy dosimetry as well as their limitations. In so 
doing, the review examines the molecular structure of the Ge-doped SiO2 optical fibres and 
glass beads, their associated trapping centres and activation energy and annealing process, 
also applications to-date, including why and how they are used.  
3.8.2 The Ge-Doped SiO2 Optical Fibres and Glass Beads 
 Optical fibres have, for decades, commonly been associated with the 
telecommunications industry. However, as pointed out by (Fadzil et al., 2017), recent 
innovations in optical fibre technology has seen the use of germanium (Ge)-doped silicon 
dioxide (SiO2) fibres in the manufacture of thermoluminescent dosimeters (TLDs). A review 
conducted by (Bradley et al., 2012a) to understand the thermoluminescence characteristics of 
doped silica optical fibres and their potential applications in radiotherapy dosimetry 
established that the suitability of doped silica optical fibre as a TLD is attributed to its 
characteristically good spatial resolution and ability to yield the necessary sufficient 
thermoluminescence in meeting the sensitivity needs of a TLD for radiotherapy. The next 
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subsection therefore reviews existing empirical evidence for the advantages of Ge-doped 
SiO2 optical fibres and glass beads, as TLDs.  
3.8.3 Advantages of Ge-Doped SiO2 Optical Fibres and Glass Beads 
 Unlike the commercial phosphor-based TLDs, which are associated with limited 
spatial resolution of a few mm, (Rahman et al., 2012a) have contended that commercially 
available Ge-doped SiO2 optical fibres provide for the possibility of high spatial resolution 
thermoluminescence dosimetry, typically down to the order of 100 µm, as well as allowing 
for an appropriate Bragg-Gray cavity for essentially a non-tissue equivalent probe. A number 
of empirical studies have investigated the potential of Ge-doped SiO2 optical fibres and glass 
beads for applications in small-field radiotherapy dosimetry (Rahman et al., 2012; 
Benabdesselam et al., 2013; Jafari et al., 2014; Bradley et al., 2017), reporting that they 
possess a number of suitable thermoluminescence characteristics, including being sensitive to 
dose over a wide range as well as offering dose stability and linearity of response. Among the 
instances, Rahman et al. (2012) investigated the thermoluminescence of Ge-doped SiO2 
optical fibres for such application in radiation therapy dosimetry, finding that at fixed dose-
rate, the Ge-doped SiO2 optical fibres generate a flat response against dose-rate to better than 
a mean thermoluminescence yield distribution of 4% (1 S.D). In terms of linearity, Rahman 
et al. (2012) noticed that up to a dose of 50 Gy for both electron and photon beams, the 
dosimeters exhibited good linearity of response (r2 = 0.998). Results from an additional study 
of photo-electron dose enhancement in an iodinated medium (iodine has an atomic number of 
53), modelled using Monte Carlo simulation (MCNPX v.2.6), indicated that in support of 
measurements the Ge-doped SiO2 optical fibres yield thermoluminescence at a level 
approximately 60% greater than that generated by a non-iodinated medium (Rahman et al., 
2012).  
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 In a more recent study, investigating the dosimetric and thermoluminescence 
characteristics of Ge-doped fibres for varying germanium concentrations and outer diameter, 
(Noor et al., 2016) went beyond the scope of a number of previous works that have explored 
the basic dosimetric characteristics of the Ge-doped SiO2 optical fibres (Bradley et al., 2014, 
Rahman et al., 2012a, Ramli et al., 2015), examining the suitability of Ge-doped SiO2 optical 
fibres for interface radiation therapy dosimetry. Among the parameters studied were linearity 
of response, energy dependence, reproducibility, thermoluminescence signal loss (fading), as 
well as dose sensitivity. Using inter alia, two Ge-doped cylindrical silica fibres of differing 
outer diameters of 241 µm and 604 µm, and three varying germanium dopant concentrations 
of 6 mol%, 8 mol%, and 10 mol%, Noor et al. (2016) performed a range of experiments to 
determine the dosimetric suitability of Ge-doped SiO2 optical fibres for such radiation 
therapy applications. The results of the experiments indicated that for both the 241 µm outer 
diameter and 604 µm outer diameter fibres, the thermoluminescence yield produced by the 6 
mol% Ge-doped fibres was superior to those produced by the 8 mol% and 10 mol% Ge-
doped fibres (Noor et al., 2016). In terms of reproducibility, the 6 mol% germanium dopant 
concentration was associated with a superior coefficient of variation (CV) compared to the 8 
mol% and 10 mol% germanium dopant concentrations (Noor et al., 2016). Our present 
understanding is that with greater dopant concentrations, a greater degree of self-absorption is 
to be observed, reducing the TL yield accordingly. The results of the study by Noor et al. 
(2016) in respect of energy dependence of the Ge-doped fibres are presented in Table 2. 
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Table 2: A Summary of the Results of Energy Dependence (the greater the gradient value, the greater the energy 
dependency). The TL response was normalized to the response for 1.25 MeV. 
Dopant Concentrations Outer Diameters Gradient Values 
(MV-1)  
6 mol% 241 µm 0.341  
604 µm 0.207 
 
8 mol% 241 µm 0.237 
604 µm 0.225 
 
10 mol% 241 µm 0.364 
604 µm 0.327 
Source: (Noor et al., 2016, p.59) 
 As can be seen from Table 2, the 10 mol% Ge-doped cylindrical fibres provided the 
steepest slope (i.e. greatest gradient value, the greater the energy dependency) for the 241 µm 
outer diameter, followed by the 6 mol% Ge-doped cylindrical fibres, and the 8 mol% Ge-
doped cylindrical fibres in that order (Noor et al., 2016). In the case of the 604 µm outer 
diameter, the results indicated that the 10 mol% Ge-doped fibres still produced the greatest 
gradient value, followed by the 8 mol% Ge-doped fibres and the 6 mol% Ge-doped fibres in 
that order (Noor et al., 2016). It is imperative to note that the greater the gradient value, the 
greater the energy dependency. Therefore, in view of the results summarised in Table 2, it 
can be concluded that the 10 mol% Ge-doped fibres were associated with the greatest energy 
dependency for both the 241 µm and 604 µm outer diameter cylindrical fibres.  
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 Noor et al. (2016) also tested for the characteristic thermoluminescence signal loss 
(fading) of the Ge-doped cylindrical fibres for a period of 33 days, following irradiation. The 
results indicated that the 8 mol% Ge-doped fibres registered the greatest thermoluminescence 
signal loss, while the 6 mol% Ge-doped fibres registered the least thermoluminescence signal 
loss (Noor et al., 2016, p.59). In terms of dose sensitivity, Noor et al. (2016) found that the 6 
mol% Ge-doped fibres were associated with the smallest minimum detectable dose (Gy). The 
results in respect of minimum detectable dose are summarised in Table 3.  
Table 3: A Summary of the Results of Minimum Detectable Dose 
Dopant 
Concentrations 
(mol%) 
Outer Diameters 
of Cylindrical 
Fibres (µm) 
Minimum 
Detectable Dose 
(Gy) 
 
6 
 
241 
 
0.126 
604 0.027 
 
8 241 0.188 
604 0.058 
 
10 241 0.203 
604 0.061 
Source: (Noor et al., 2016, p.60). 
 Overall, the 6 mol% Ge-doped optical fibres for both the 241 and 604 outer diameter 
cylindrical fibres exhibited superior thermoluminescence performance, in terms of linearity 
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of response, sensitivity to dose, energy dependency, as well as fading rate. The foregoing 
results obtained by Noor et al. (2016) therefore demonstrate in particular the suitability of the 
6 mol% Ge-doped SiO2 optical fibres for development of novel high-performing TLDs.  
 Prior to the study by Noor et al. (2016), Jafari et al. (2014) had also investigated the 
potential of glass beads and optical fibres as novel TLDs for small-field radiotherapy 
dosimetry. In that study, Jafari et al. (2014) characterised commercially existing glass beads 
(1.5 mm diameter) and GeO2-doped SiO2 optical fibres (length = 5 mm length and diameter = 
120 µm) as TLDs. After comparing the results against Monte-Carlo simulations with EBT3 
GAFCHROMIC film and BEAMnrc/DOSXYZnrc, Jafari et al. (2014) found that both the 
glass beads and GeO2-doped SiO2 optical fibres exhibited suitable thermoluminescence (TL) 
properties for radiation therapy dosimetry applications.  
 Elsewhere, (Alalawi et al., 2014) measured small photon field doses using GeO2-
doped SiO2 optical fibres and glass beads (GB), comparing them against GAFCHROMIC 
film, a small ionisation chamber (PK-018), a p-type silicon diode (SCANDITRONIX, 
FI356), as well as Monte Monte-Carlo simulations. The results of the study indicated that 
both the GeO2-doped SiO2 optical fibres and the GB were associated with impressive spatial 
resolution, with the optical fibres offering spatial resolution of approximately 120 µm and the 
GB offering spatial resolution of 2 mm (Alalawi et al. 2014). The optical fibres and GB were 
also characterised by large dynamic dose ranges (from tens of mGy up to many tens of Gy) 
(Alalawi et al. 2014).  
 In their recent study on doped silica fibre TL measurements on radiation dose in the 
utilisation of 223Ra for prostate cancer secondary bone sarcomas, Bradley et al. (2017) 
investigated the thermoluminescence yield associated with different forms of Ge-doped SiO2 
optical fibres, including flat and single-mode fibres as well as collapsed and uncollapsed 
photonic crystal fibres (PCFs). The results indicated the dosimeters to offer considerable 
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sensitivity and to provide an effective atomic number Zeff that approaches that of bone 
(Bradley et al., 2017). Importantly, Bradley et al. (2017) observed that the glass fibres offer 
an added advantage in terms of their ability to withstand direct placement into liquid. The 
findings by Bradley et al. (2017) thus demonstrated the potential of the Ge-doped SiO2 
optical fibres as versatile novel TLDs in a particularly harsh environment. Prior to Bradley et 
al. (2017), (Sani et al., 2017) had investigated thermoluminescence yields generated by 
different forms of Ge-doped SiO2 optical fibres for in vitro dosimetry of α-particles produced 
by the 223Ra decay series. After performing a series of irradiations, Sani et al. (2017) 
discovered that the Ge-doped SiO2 optical fibres were associated with particular dosimetric 
advantages compared to their conventional counterparts, specifically in regard to the greater 
TL yield of flat- and photonic crystal fibres (FF and PCF). Similar to the findings of Bradley 
et al. (2017), Sani et al. (2017) found that the Ge-doped SiO2 optical fibres provided a Zeff 
value that approach that of bone (with a range of from 11.6 to 13.8, depending upon 
composition). Sani et al. (2017) concluded that the dosimetric material in its various forms 
(i.e. Ge-doped FF, PCF and single mode fibres (SMF)) provide thermoluminescence 
responses favouring applications for radiation therapy dosimetry.  
 (Begum et al., 2015) attribute the promising thermoluminescence characteristics of 
silica optical fibre in radiation therapy dosimetry to its physical makeup, pointing out that the 
conventional cylindrical form (e.g. the single mode fibre [SMF] form) is characterised by two 
concentric layers (i.e. the “core” and “cladding”), characterised by varying index of 
refraction. Among others, (Rahman et al., 2011) have also described the SiO2 optical fibres 
for TLD, characterised by structural defects that initiate a trapping process that produces the 
thermoluminescence properties associated with the SiO2 optical fibres. Begum et al. (2015), 
also echo this, the thermoluminescence response of a dosimetric material being also affected 
by the nature and concentration of impurities present in the material. Studies by (Rahman et 
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al., 2010) and (Yaakob et al., 2011) have established that silica optical fibres possess unique 
properties (e.g. water resistance, high spatial resolution and low cost), overcoming a number 
of limitations associated with conventional thermoluminescent materials, Begum et al. (2015) 
also noting that such properties enhance their suitability as TLDs.  
 In a study using gamma radiation, investigating the photon dose response and fading, 
and also reproducibility for five different core-sized Ge-doped SiO2 optical fibres, Begum et 
al. (2015) undertook a detailed examination of the Ge-doped SiO2 optical fibres’ relative 
elemental composition. The characteristic background signal and low-temperature glow 
peaks of the silica optical fibres were manifestly reduced by taking all the five core-sized Ge-
doped SiO2 optical fibres through an annealing process, during which the dosimetric 
materials were kept in an aluminium container and annealed for one hour at 400oC (Begum et 
al., 2015). After irradiation and conducting a SEM-EDX analysis to map the inherent dopant 
concentration and the Zeff values of the optical fibres, Begum et al. (2015) found that the five 
fibres provided were characterised by elemental compositions in the range of 13.25 and 
13.69, as shown in Table 4.  
Table 4: Effective Atomic Numbers of Five Core-Sized Ge-doped SiO2 Optical Fibres 
Ge-doped SiO2 Optical 
Fibre No. 
Core/Cladding of Optical Fibre 
(µm) 
Effective Atomic Number  
(Zeff) 
1 100/604 13.25 
2 80/483 13.69 
3 60/362 13.57 
4 40/241 13.40 
5 20/120 13.43 
Source: (Begum et al., 2015, p.798). 
 (Wagiran et al., 2011) and (Rahman et al., 2012b) record it to be conventional to seek 
a Zeff value that is ideally human soft-tissue equivalent (i.e. typically taken to be 7.42), with 
41 
 
Begum et al. (2015) going on to record that a Zeff value that is human tissue equivalent is 
dependent on the incident photon energy and its direct association with the degree (the 
probability) to which primary photon interactions take place within the detector medium. 
With tissue equivalency playing a critical role in radiation therapy dosimetry, it is notable for 
instance that the photoelectric interaction is dependent on something like the 3rd power of the 
dosimetric material atomic number (Z3). As can be seen in Table 4, the Zeff values of the five 
core-sized Ge-doped SiO2 optical fibres (ranging from 13.25 to 13.69) are significantly 
greater than that of soft tissues (i.e. 7.42). Nonetheless, Begum et al. (2015) found that the 
Zeff values of the five optical fibres fall within the human-bones range of from 11.6 to 13.8 
(p.799), in keeping with Sani et al. (2017), who also found that the Ge-doped SiO2 optical 
fibres provided a Zeff value ranging from 11.6 to 13.8, making the doped silica useful as 
human-bone equivalent for dosimetric purposes. 
3.8.4 Limitations in Ge-Doped SiO2 Optical Fibres and Glass Beads 
 Despite their very promising thermoluminescence characteristics for applications in 
radiation therapy dosimetry applications, research has shown that the Ge-doped SiO2 optical 
fibres and glass beads are not devoid of limitations. For instance, in a recent study of SiO2 
optical fibres as potential TLDs for radiotherapy dosimetry, (Rahim et al., 2017) examined 
the thermoluminescence dose response of flat optical fibres of differing dimensions (i.e. 270 
× 60 µm; 360 × 73 µm; 100 × 510 µm; and 160 × 750 µm), characterising them in terms of 
their respective linearity, reproducibility, sensitivity to dose, as well as thermoluminescence 
signal loss (i.e. fading). It was found that the optical fibres thermoluminescence signal fading 
was approximately 20.4% 30 days post irradiation, with the loss being most rapid in the first 
seven days after irradiation (at approximately 17.8%). Therefore, despite their characteristic 
rate of loss of thermoluminescence response to fading, comparable to the conventional 
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dosimetric materials, previous investigators such as Rahim et al. (2017) suggest that the Ge-
doped SiO2 optical fibres are still characterised by limited capability, in terms of ensuring 
accurate determination and measurement of radiation dose, with a linear dose “response over 
wide range therapeutic dose” (Rahim et al., 2017). According to Rahim et al. (2017), this 
limitation in the Ge-doped SiO2 optical fibres can be addressed by ensuring improved 
selection of the optical fibres for radiation therapy dosimetry applications.  
3.8.5 Conclusion in regard to doped silica media 
          In view of the previous review, the Ge-doped SiO2 optical fibres and glass beads 
exhibit a number of thermoluminescence characteristics (i.e. dose stability, sensitivity to 
dose, reproducibility, low energy dependency, linearity of response to dose, as well as a low 
rate of thermoluminescence signal loss), such that these facets render them highly promising 
for radiation therapy dosimetric applications but not comprehensively so. As has been 
established by various investigators, including Rahim et al. (2017), the Ge-doped SiO2 optical 
fibres still lack the requisite capability to ensure that radiation dose is accurately determined 
and measured with a linear dose response over a wide range therapeutic dose, soft tissue 
equivalence being one marked issue. In this latter regard, there is need for further research to 
devise ways of addressing such limitation. In particular, there is need for a passive dosimeter 
of small dimensions, with facets similar to that of the silica media but that which in addition 
offer soft-tissue equivalence, pointing the way to for instance skin dosimetry. 
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3.9 The Use of Carbon Nanotubes in Radiation Dosimetry and the 
Effect of Ionising Radiation on CNT Structure and Properties 
3.9.1 Introduction    
 This section reviews the uses of carbon nanotubes (CNTs) – single-walled or multi-
walled CNTs as well as mixed-component or free-standing CNTs, as well as the effect of 
ionising radiation doses on CNT structure and properties. The review also discusses the 
molecular structure(s) of the CNTs, as well as how such structures interact with and are 
affected by radiations.  
3.9.2 Effect of Ionising Radiation Doses on their Structure and Properties  
Since their discovery in the early 1990s (Iijima 1991), carbon nanotubes (CNTs) have gained 
increasing popularity in the field of nanotechnology, with an increased interest in the 
exploitation of their novel properties (both electronic properties and mechanical properties). 
Given their advantageous properties - possession of effective atomic number (Zeff value) 
similar to that of adipose tissue, good conductivity, as well as low voltage demand in active 
devices (Chen et al., 2011), CNTs have become useful for medical physics applications as 
well as for other applications such as chemical sensors (Moradi et al., 2013); biosensors 
(Timur et al., 2007); field-emission displays (Saito 2010); memory storage (Lu and Dai 
2006); as well as hydrogen storage (Yang et al., 2010). The increased interest in CNTs in 
radiation dosimetry is attributed to the fact that the atomic formation of CNTs are 
characterised by specific structures providing a range of interesting physical and chemical 
properties, including electric and thermo conductivity (Gojny et al., 2006). However, despite 
their usefulness in radiation therapy dosimetry, the properties and structure of CNTs are often 
affected by ionising radiation doses. The next subsections of this thesis therefore reviews the 
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uses of CNTs and the potential effect of ionising radiation doses on their structure and 
properties. 
3.9.3 Use of Carbon Nanotubes in Radiation Technology other than Dosimetry 
 A number of previous attempts have been made to investigate the potential 
applications for CNTs in radiation technology. For instance, in a 2002 study, (Yue et al., 
2002) demonstrated how a carbon nanotube (CNT)-based field-emission cathode can be used 
for the purposes of generating medical diagnostic x-ray radiation. Purified single-walled CNT 
(SWCNT) bundles, produced using the laser ablation method, were the emission material 
adopted by Yue et al. (2002). The researchers used electrophoretic deposition (EPD) to coat a 
uniform layer of SWCNTs onto a flat metal disc, EPD being a term used to describe various 
industrial processes, including anodic electrodeposition, electrophoretic painting, as well as 
cathodic electrodeposition.  
 The adhesion between SWCNTs and the substrate was enhanced by first depositing an 
iron layer on the substrate using an electrochemical plating method to provide for nanotube 
deposition (Yue et al., 2002). During the study, it was reported that the current, as well as the 
nanotube suspension concentration and deposition time, all acted as controls for the nanotube 
film thickness and packing density. With regard to measurements of the characteristics of the 
CNT, the group of Yue employed a hemispherical current collector to measure the SWCNT 
film current-voltage characteristics. The parallel-plate geometry was used to determine the 
total emission current generated by the 0.2 cm2 macroscopic cathode. With the applied 
voltage being adjusted automatically and total emission current fixed at 6 mA, a significant 
improvement of the fluctuation and stability were ensured by incorporating a simple feedback 
loop.  
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 Yue et al. (2002) went on to establish that a 0.2 cm2 SWCNT film was able to 
generate a peak emission current of 28 mA at a rate of 140 mA/cm2. According to their 
studies, an emission current of 28 mA, as witnessed with the 0.2 cm2 SWCNT film, is a 
higher order of magnitude compared to the values of emission currents that have previously 
been generated by macroscopic cathodes. They further employed the triode geometry to test 
the potential of SWCNT film as an x-ray-generating cold-cathode. The viability of the 
SWCNT film as an x-ray source was demonstrated by them in their imaging of fish as well as 
of a humanoid hand, the images being recorded using PolaroidTM films located externally 
behind the x-ray chamber. After a series of such experiments, Yue et al. (2002) established 
that the SWCNT film generated high-intensity pulsed and high-frequency x-ray radiation, 
matters essential for both industrial and medical applications.  
 As noted by Yue et al. (2002), the CNT-based field emission cathode provides a novel 
opportunity for overcoming characteristic limitations of conventional x-ray tubes. For 
instance, the cold-cathode x-ray tube whose characteristics were investigated by the group 
allows for the elimination of the resistively heated filaments, hence significantly prolonging 
the x-ray tube life span (Yue et al., 2002). In addition, given its relatively smaller size and 
lower power supply demand, it was contended that the CNT-based field emission cathode 
provides an opportunity for producing portable and nano x-ray machines. Moreover, the 
CNT-based field emission cathode enhances the production of focused electron beams, which 
are characterised by a relatively smaller energy spread. This is critical in such radiation 
technology endeavours, as such energy spreads have the potential of enabling the production 
of high-resolution imaging x-ray tubes (Yue et al., 2002).  
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3.9.4 Effect of Ionising Radiation Doses on their Structure and Properties 
 As previously mentioned, CNT composites have a wide range of applications, 
including in optical sensor technology, nanotechnology engineering, manufacture of devices 
for shielding against electromagnetic interference, as well as in space environments where 
characteristically low-density structural materials are expected to withstand exposure to 
ionising radiation (Aryasomayajula and Wolter 2013, Jin et al., 2000, Star et al., 2001). 
However, empirical evidence from various research suggests that ionising radiation doses do 
have a significant effect on the structure and properties of CNTs.  
 One of the novel studies to have investigated and to have reported upon the effects of 
ionising radiation doses on the CNT composites was conducted by (Muisener et al., 2002).  In 
that study, Muisener et al. employed differential scanning calorimetry to examine the effect 
of 0.26 wt% of SWCNT on the composite glass transition temperature before and after 
radiation. The CNT composite used in the study was poly(methyl methacrylate)/single-walled 
carbon nanotube (PMMA/SWCNT), which is a mixed-component CNT. The ionising 
radiation of choice in the study of the group of Muisener et al. was gamma radiation. For the 
purposes of allowing comparative investigation, the researchers adopted both polymer-
wrapped SWCNT (PMMA/SWCNT) and pure PMMA for the experiment. The Young’s 
modulus of the composites (i.e. PMMA and PMMA/SWCNT) before and after exposure to 
the ionising radiation was determined through what Muisener et al. described as “dynamic 
mechanical analysis” (p.2508). It is worth noting that multi-walled carbon nanotubes 
(MWCNTs) are generally characterized by a “Young modulus of 200-4000 GPa, an 
estimated axial compression strength of 100 GPa, and a bending strength of 14 GPa” 
(Muisener et al., 2002, p.2507). In that study, Muisener et al. (2002) adopted dielectric 
analysis for the determination of the dielectric permittivity and the ionic conductance of the 
composites of CNT before and after exposure to the gamma radiation, the latter being the 
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choice of ionising radiation used in that study. With regard to gamma radiation-induced 
effects on the SWCNT morphology, the researchers documented such effects using “scanning 
electron microscopy (SEM)” (Muisener et al., 2002, p.2508).  
 Before carrying out the actual experiment, the researchers undertook a number of 
preparatory steps, including producing a composite comprising 0.26 wt% polymer-wrapped 
SWCNT for use in both the mechanical and thermal tests. The preparation of the 0.26 wt% 
polymer-wrapped SWCNT first involved use of a Branson Sonifier 450 to disperse the 
SWCNTs in N,N-dimethylformamide (DMF) for a duration of two hours. Methanol was then 
used to precipitate the heterogeneous mixture of the polymer-wrapped SWCNT composite 
obtained through the sonification process. The PMMA/SWCNT composite product of the 
precipitation process was then dried for two days at 110 0C. The dried PMMA/SWCNT 
composite was then reduced into pieces before these were then stacked between polished 
metal plates and compressed at about 20 MPa of pressure and at a temperature of 275 0C 
(Muisener et al., 2002).  In order to allow for a well-supported comparison, the pure PMMA 
used in the study was also prepared in a similar manner to that for the PMMA/SWCNT 
composite.  
The next step, conducted in air, was to expose the model samples and the nanotube 
paper to ionising radiation doses (5.9 Mrad doses, equivalent to 59 kGy) at a dose rate of 1.28 
x 106 rad/h, equivalent to 12.8 kGy/h. The determination of glass transition temperature (Tg) 
was carried out using a TA Instruments 2920 Differential Scanning Calorimeter (DSC) 
(Muisener et al., 2002). In addition, the researchers erased annealing effects by taking the 
glass transition temperatures from the inflection of the second heat curve. Data regarding the 
effect of the ionising radiation doses on the mechanical properties of the PMMA/SWCNT 
composite was documented using a TA Instruments 2980 dynamic mechanical analyser 
(DMA) within a specified temperature range (-125 0C to 150 oC) and rate (40 C/min). The 
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results of the study by Muisener et al. (2002), with respect to changes in the Tg values of the 
composites are presented in table 5.  
Table 5: A Summary of Tg Values of PMMA and PMMA/SWCNT 
 
Samples 
Tg Values 
Before Irradiation (Exposure to 5.9 
Mrad of Gamma Radiation) 
After Irradiation (Exposure to 5.9 
Mrad of Gamma Radiation) 
PMMA 98 0C 94 0C 
 
PMMA/SWCNT 112 0C 112 0C 
Source: (Muisener et al., 2002, p.2509). 
From the results presented in Table 5, it is evident that the pure PMMA Tg value 
decreased by 4 0C, from 98 0C before irradiation to 94 0C after irradiation. The Tg value of the 
PMMA/SWCNT composite on the other hand remained unchanged before and after 
irradiation, at 112 0C. Muisener et al. (2002) attributed the decrease in the neat (pure) PMMA 
Tg value to the radiation induced scission reactions which the PMMA undergoes. According 
to the authors, the radiation induced scission reactions generate low molecular weight 
fragments, which are responsible for a reduction of the Tg value of the polymer matrix. Since 
such an effect is not inherent in the PMMA/SWCNT composite, its value remains constant 
(at 112 0C) before and after irradiation (Muisener et al., 2002).  
Muisener et al. (2002) provided three hypothetical explanations for the constant value 
of the PMMA/SWCNT composite before and after being exposed to doses of gamma 
radiation. The first hypothesis was that the dissolution of the irradiated samples in methylene 
chloride denied the nanotubes a chance to cross-link with the polymer matrix. Second, it was 
explained that the characteristic sensitivity to motion of the polymer matrix and degradation 
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products was decreased by the network of the nanotubes, which is a reinforcing agent. 
Finally, Muisener et al. (2002) posited that degradation of the nanotubes is impeded by the 
inherent 𝛑 electron clouds, which serve as radiation sinks. According to the authors, the 
radiation energy is localised by the inherent radiation-induced scission in the 𝛑 electron 
clouds, a phenomenon that inhibits the energy from migrating to more sensitive degradation-
prone sites within the 𝛑 system. These results corroborated a study by (Clough et al., 1991).  
The improved resistivity of the PMMA/SWCNT composite to the ionising radiation 
was confirmed by the results documented using the polydimethylsiloxane (DMS). For 
instance, the storage modulus of the neat PMMA decreased by 15% upon exposure to the 
ionising radiation. This reduction was significant given that the storage modulus of the 
PMMA/SWCNT composite registered a reduction of 3% upon exposure to similar radiation 
doses.  
The results obtained by the group of O’Rourke have thus suggested that the storage 
modulus, hardness, as well as the Tg value of PMMA increase with the addition of a 0.26 
wt% SWCNTs. This was evident in the constant values of the Tg, Vickers hardness, and 
storage modulus for the PMMA/SWCNT composite, after irradiation. Morphological changes 
were also confirmed by the SEM characterisation of the nanotube paper.  
The authors have also observed that the dielectric properties of CNTs are more prone 
to the effects of ionising radiation doses than their mechanical properties. In view of the 
foregoing, it is evident that addition of SWCNTs has a reinforcement effect on the 
degradation of the polymer matrix. Similar observations have also been made by Najafi and 
Shin (2005), who in their investigation of the degradation of poly(methyl methacrylate)-CNT 
nanocomposite thin films, established that the addition of 0.5 wt% CNT fillers generates a 
reinforcement effect on the extent of degradation occasioned by exposure of a polymer 
matrix to high-energy radiations (Najafi and Shin 2005). In that study it was also confirmed 
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that polymer-free radicals enhance the proliferation of degradation. In both studies conducted 
separately by Muisener et al. (2002) and Najafi and Shin (2005), it is evident that networks of 
CNTs play an effective role in dispersing the radiation damage.  
In another similar study, (Vitusevich et al., 2010) investigated the effect of gamma 
radiation on transport properties of single-walled carbon nanotube (SWCNT)-based field-
effect transistors (FETs) (SWCNT-FETSs) using a standard source of the radionuclide 60Co. 
The 60Co source emitted characteristic 1.25 MeV mean energy gamma rays at the dose-rate of 
1 Gy/s. The I-V characteristics of the FETs as well as the low-frequency noise spectra of the 
sample were determined via a 1 Hz-100Hz-frequency range before and after irradiation 
(Vitusevich et al., 2010). The CNTs used by Vitusevich et al. (2010) were grown for two 
minutes at a temperature of 900 oC, using methane, hydrogen, and ethylene flows at rates of 
720 ml/min, 500 ml/min, and 12 ml/min respectively. The researchers controlled the 
orientation of growth using electric fields (1 V/µm). After measuring the diameters of the 
nanotubes using an atomic force microscope, they were found to be 1.3 nm. In addition, the 
documented images of the scanning electron beam microscope suggested alignment to the 
electric field’s direction, especially to the Mo electrode edges (Vitusevich et al., 2010).  
The results of the investigation indicated effects upon the FET output characteristics 
following exposure to small doses of gamma radiation. A small dose of gamma radiation 
occasioned positive changes on the I-V characteristics of the FETs. Vitusevich et al. (2010) 
attributed the changes in the resistivity of the carbon nanotube. After being exposed to 
gamma radiation doses of 1 x 104 Gy and 2 x 104 Gy, Vitusevich et al. (2010) reported that 
the SWCNT-FET transconductance and noise level did not register significant changes. 
However, a decrease in the level of the current was evident. The difference in current was 
documented before irradiation (IDSO) as well as after irradiation (IDSR) (DSO and DSR refer to 
drain-source current before irradiation and drain-source current after irradiation respectively). 
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The variation of the two values (i.e. IDSO and IDSR) was a linear function on the drain voltage 
(Vitusevich et al., 2010). This therefore confirms addition of certain linear resistance to the 
nanotubes. The linear function on the drain voltage could also be an indication that the 
process of irradiation removed a parallel resistance from the nanotubes (Vitusevich et al., 
2010). In this study, the authors noticed that the CNT resistance registered a 25% increase 
after being exposed to a 1 x 104 Gy gamma radiation dose, a phenomenon that confirmed the 
effect of irradiation on the transport properties of the CNTs. The results of the study by the 
authors suggested that small doses of gamma radiation can improve the SWCNT-FET 
transport and noise properties.  
Beside the use of gamma rays, as applied in the studies by Muisener et al. (2002) and 
Vitusevich et al. (2010) reviewed above, other researchers have opted for other ionising 
radiations (e.g. alpha-particles) in their analysis. For instance, in their study, Cress et al. 
(2010) investigated the effects of alpha-particles on high-purity freestanding SWCNTs. The 
researchers produced and purified (to > 99%) laser-synthesised SWCNTs (Cress et al., 
2010a). A qualitative investigation of the high purity of the SWCNT sample was undertaken 
with the help of a scanning electron microscope (SEM), the research being conducted at 2 
keV (Cress et al., 2010). A SWCNT paper (35 µm thick) was then prepared and dried for an 
hour at 250 oC.  After being subjected to alpha-particles emitted isotropically via a thin Ni-Au 
coating, their effect on the sample temperature-independent conductivity was documented. 
The irradiation of the SWCNT papers was carried out in vacuo (at < 5 x 10-6 torr).  
The results indicated that upon exposure to the alpha-particles, the SWCNT paper 
recorded a sustained decrease in the total conductivity with increasing fluence (Cress et al., 
2010). The researchers noted significant changes in the temperature-dependent conductivity 
of the SWCNTs, a phenomenon that the authors attributed to the alpha-particles irradiation. 
According to the authors, the changes that characterised the SWCNT temperature-dependent 
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conductivity were occasioned by an increase in the number of barriers between the adjacent 
SWCNTs and the electronic wavefunction localisation. A calculation of the generated 
displacement damage dose profile within the SWCNT sample confirmed that the SWCNT 
paper received a uniform displacement damage dose from the environment (Cress et al., 
2010). A nonlinear dependence of resistivity in nonionizing energy loss (NIEL) was observed 
when the rates of change in resistivity was performed for SWCNT papers exposed to two 
varying radiation doses (i.e. 23 MeV carbon ions and 2 MeV protons). This is a considerable 
distinction from the linear response associated with the bulk semiconductors and 
superconductors. The evidential implication of the findings of the study by Cress et al. (2010) 
is that a localised displacement damage dose imported to a SWCNT from the external 
environment has a significant damaging effect on the SWCNT’s conductivity compared to 
distributed point effects within the SWCNT exposed to similar total displacement damage 
doses (Cress et al., 2010).  
In yet another study, (Lobez and Swager 2010) it was demonstrated how the electrical 
properties of a multi-walled carbon nanotube (MWCNT) are affected by gamma rays 
irradiation. In this study, the researchers had sought to showcase a novel approach to gamma 
rays detection that is not reliant upon charge generation or scintillation within semiconductors 
(Lobez and Swager, 2010). The composite adopted by Lobez and Swager (2010) for the study 
was polymer/MWCNT, which the researchers deemed capable of generating a real-time 
signal at room temperature. The polymer matrix underwent ionisation-induced depolarisation 
following the irradiation of the composite. Consequently, a lower resistance connection was 
created between the MWCNTs (Lobez and Swager, 2010). In addition, the depolarisation of 
the polymer matrix occasioned amplification and significant changes in the electrical 
properties of the composite. According to Lobez and Swager (2010), the depolymerisation-
induced changes increased the conductivity of the composite, as detected through 
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amperometry. Amperometry is a method of measuring over time the current intensity (I) 
between two electrodes at a constant potential (V) (Lobez and Swager, 2010, p.1). The study 
thus demonstrated the extent of the effect of gamma rays on the electrical properties of a 
multiwalled carbon nanotube.  
In another study, (Bardi et al., 2017a) quantitatively investigated the effects of X-ray 
radiation on both the physical and chemical properties of SWCNTs, with a particular focus 
on relatively low doses of 20 cGy and 45 cGy.  Using different characterization techniques 
such as scanning electron microscopy and X-ray photoelectron spectroscopy (for a discussion 
of this technique see later) to quantify the effects of such radiation doses on the inherent 
properties of SWCNTs, Bardi et al. (2017) established that the X-ray irradiation of SWCNTs 
reduced the sp2 of the SWCNT bond structure. In addition, Bardi et al. (2017) found that the 
electrical properties of SWCNTs were affected by X-ray irradiation, which also resulted in 
SWCNT of increased defect density.   
3.9.5 Conclusion in regard to CNT media  
In conclusion, with strong evidence of changes occurring in various material 
characteristics of CNTs as a function of dose, the indication is that the CNTs have the 
potential to play an important role in radiation dosimetry, and even more widely in radiation 
detection. To-date, the use of CNTs has been identified to overcome limitations (i.e. 
resistively heated filaments) associated with conventional x-ray tubes, allowing production of 
portable and nano x-ray machines due to their smaller sizes and lower energy dependency, as 
well as production of focused electron beams. The ability of CNTs to overcome the 
resistively heated filaments helps in prolonging the life span of the x-ray tube. In addition, the 
ability of CNTs to enhance the production of focused electron beams that are characterised by 
a relatively smaller energy spread is crucial in radiation delivery, in terms of generating high-
resolution imaging x-ray tubes. However, as has been demonstrated in the above review, the 
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properties and structure of the CNTs can be significantly affected by ionising radiations, 
including as a result of exposure to gamma rays, x-rays, as well as alpha-particles. As evident 
in the studies reviewed herein, the ionising radiations can produce morphological changes in 
the CNTs and also alter their dielectric properties. Notably in this respect, the dielectric 
properties of the CNTs are more prone to the effects of the ionising radiation doses than their 
mechanical properties are. This review therefore provides useful insights for the future 
applications for CNTs. Indeed, it is apparent that CNTs can be made use of in the area of 
radiation dosimetry. As the literature shows there are defects and atomic displacements that 
occur and that can be assessed. These defects can be evaluated with respect to the deposited 
doses which make the material a potential candidate for use as a passive radiation dosimeter, 
while active devices are also open to development as seen in regard to FET related changes.  
3.10 Methods of Analysis 
3.10.1 Introduction  
This section discusses the analytical methods applied in using carbon nanotubes (CNTs), 
seeking a firm basis for their application in radiation dosimetry. The section focuses in 
particular on how such methods work. Most specifically, in so-doing the section covers the 
characterisation of CNTs in terms of their mass loss during thermal treatment, analysed by 
thermogravimetric Analysis (TGA), also their elemental composition through use of Energy 
Dispersive X-ray Analysis (EDX), as well as the use of the X-ray Photon Spectroscopy 
(XPS) technique to elucidate how CNT bonding is modified as a result of irradiation. In 
regard to the latter, the section explores the use of XPS and the fitting of the C1s peak, also 
how sp2 and sp3 are distinguished using peak fitting, energy windows, etc. Given the 
prominence of the XPS technique in the present work, this will be dealt with first, in 
subsection  3.11.1. 
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3.11 Analytical Methods 
 Within this section, the three analytical methods (XPS, TGA, and EDX) are described 
in detail.  
3.11.1 X-ray Photoelectron Spectroscopy 
 Carbon spectroscopy is an important domain in surface science, more so in the study 
of novel carbon-based materials such as diamond-like carbon (DLC), nanotubes, carbides, 
graphene, as well as carbon nitride (Kaciulis 2012a). According to Kaciulis, identification of 
the bonds of diamond, amorphous phases of carbon and graphite is of the essence of carbon 
spectroscopy. In this regard, surface scientists often adopt electron spectroscopies such as X-
ray Photoelectron Spectroscopy (XPS), Electron Energy Loss Spectroscopy (EELS), as well 
as Auger Electron Spectroscopy (AES), as analytical techniques for the identification 
(Kaciulis, 2012).  
 The XPS analytical technique is a surface-sensitive spectroscopic technique for the 
quantitative measurement of the elemental composition, chemical state, empirical 
formulation, as well as electronic state of the existing elements within a given material (Kim 
et al., 2007). The achievement of XPS spectra is done through irradiation of the material 
under investigation with a beam of x-rays, during which the kinetic energy and number of 
electrons escaping the top 0-10 nm of the surface of a material are measured and analysed 
simultaneously (Turner and Schreifels 1992). The recording of a photoelectron spectrum in 
XPS entails counting the ejected electrons over a range of electron kinetic energies 
(Sublemontier et al., 2014). The identification and quantification of the surface elements is 
aided by electron kinetic energies and the photoelectron peaks which feature in the spectrum. 
Figure 8 is schematic illustration of an XPS system.  
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Figure 8: A Schematic Illustration of an XPS System 
 
As illustrated in figure 8, an XPS system comprises three fundamental components. The first 
component is the fixed-energy radiation source, which emits soft x-rays for the XPS. The 
second component is the electron energy analyser, which determines the emitted electrons in 
accordance with the relative kinetic energy. Consequently, the electron energy analyser is 
able to determine the flux of the emitted electrons of the x-ray radiation (energy). Lastly, the 
XPS system comprises a high vacuum environment, which allows for the efficient analysis of 
the emitted photoelectrons (Fadley 2010). 
 According to Susi et al. (2015), XPS is among the best quantitative techniques 
available for studying the chemical modification of surfaces, in terms of the distribution and 
bonding of hetero-atom dopants in carbon nanotubes. Graphitic carbon nanomaterials are 
characterised by carbon bonded through sp2/sp3 hybridised covalent bonds (Susi et al., 2015). 
The uniqueness of sp2/sp3 hybridisation leads to the formation of strong σ bonds between 
carbon atoms in nanomaterials. 
 The XPS technique is typically regarded as the preferred method for studying 
individual atoms (Kaciulis 2012b), allowing those interested in surface science to obtain 
information regarding the distribution of for instance the various dopants that may be found 
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within a given sample. A number of studies have been carried out to demonstrate the role of 
the XPS technique in surface investigation of CNTs. For instance, (Mezzi and Kaciulis 2010) 
carried out a detailed spectroscopic investigation of two main allotropes of carbon - diamond 
and graphite - using the XPS technique. They were able to characterise the carbon phase in 
the samples of diamond and graphite by studying the relative photoemission peak spectrum 
of each. In addition, these researchers determined the sp2/sp3 ratio from the first derivative of 
the Auger line (C KLL) spectrum. Also in using the XPS technique, processing of the 
spectroscopic data was enabled by using a spectrometer at 20 eV constant pass energy in 
conjunction with CasaXPS v.2.2.84 software (Mezzi & Kaciulis, 2010).  
 The results obtained by Mezzi and Kaciulis (2010) indicated that the main peak of C 
1s for the sp2 and sp3 configurations had closely similar values of binding energy (BE) 
(ranging from 284.4 eV to 284.5 eV). The analysis of the C KLL spectra proved more 
diagnostic, allowing the researchers to determine the D-values for the allotropes of carbon 
(graphite and diamond), the authors considering this as a fingerprint of carbon hybridization 
(Mezzi & Kaciulis, 2010).  The sp2/sp3 ratio in the materials under investigation was 
calculated using a linear approximation between the D-values of the carbon allotropes.  
 In another study, Kaciulis (2012) demonstrated how the XPS technique can be 
employed in characterising the sp2/sp3 ratio of CNTs, including fitting of the C 1s peak, as 
well as distinguishing the sp2 bonding from sp3 using peak fitting and energy windows. In 
that study, Kaciulis (2012) found that there was linearity of the sp2/sp3 ratio in accord with 
the D-value. Using the D-parameter approach, Kaciulis was able to characterise a series of 
diamond-like carbon (DLC) media. (Kaciulis et al., 2014) have also confirmed in their 
investigation the shape of the Auger C KVV signal (ejection of core shell electrons with 
consequent valence to valence transitions) and the acquired relative D parameter such that the 
diamond-like carbon (DLC) D-value can act as a fingerprint for recognising graphene. The 
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study also confirmed the potential of XPS in characterising CNTs. As such, the foregoing 
results have demonstrated the usefulness of the XPS technique in the fitting of C 1s peak as 
well as the use of D-values in calculating the sp2/sp3 ratio.  
3.11.2 Thermal Gravimetric Analysis 
 Thermal gravimetric analysis (TGA) or Thermogravimetric analysis is a thermo 
analytical technique for determining the chemical and physical properties of a nanomaterial, 
as a function of rising temperature and/or time (Acquah et al., 2017). Through TGA, see 
figure 9, one is able to characterise a material, in terms of its physical phenomena, including 
absorption, desorption, as well as vaporisation (Sergey 2012). Its underlying principle is the 
measurement of the amount and rate of the mass/weight change of a sample in relation to 
temperature or time in a controlled environment (Gabbott 2008). TGA is also useful for 
chemical characterisation of nanomaterials, in terms of chemisorption, decomposition, 
desolvation, and decomposition (Sergey 2012). In most cases TGA is employed in the 
determination of specific characteristics of materials that are characterised by mass gain or 
mass loss as a consequence of oxidation or decomposition (Acquah et al., 2017).  
 TGA has emerged as a useful tool in the research and development of a number of 
substances and engineering materials (both solid and liquid) – for purposes of gaining insight 
about their thermal characteristics, in terms of stability and composition (Loskyll et al., 
2012). Some of the recent applications of TGA include quality control and assurance of raw 
materials, compositional analysis of rubber, evaporation loss associated with lubricating oils, 
as well as failure analysis of finished products – particularly in polymer processing (Loskyll 
et al., 2012, Maurer 1969). 
 In terms of measuring principle, TGA uses thermal analysis to determine the mass 
change of a given sample as a function of temperature or time, within a defined and 
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controlled environment in relation to gas atmosphere, crucible type, heating rate, among other 
factors (Gabbott 2008). As shown in figure 9, TGA instrumentation comprises three main 
components: a microgram balance, an auto sampler, and a thermocouple for controlling 
temperature (sample temperature and furnace temperature).   
 
Figure 9: Typical TGA Instrumentation. Adopted from Duncan Price lecture notes (Price 2006). 
 
3.11.3 Energy Dispersive X-ray Analysis 
 Energy-dispersive x-ray (EDX) analysis or energy-dispersive x-ray spectroscopy 
(EDS) or energy-dispersive X-ray fluorescence (EDXRF) is an x-ray technique for the 
identification of the elemental composition or chemical characterisation of materials. This is 
normally done using an energy dispersive X-ray spectrometer (Liu et al., 2015). The EDX 
technique is dependent on the interaction between the material under investigation and the 
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excitation of the sample resulting from irradiation by the x-ray source (Hotta et al., 2015). 
The EDX characterisation is largely based on the principle that each material is defined by a 
unique atomic structure, and thus permits a unique set of electromagnetic emission spectrum 
peaks for the material (Ravisankar et al., 2014). 
 As discussed by Yao et al. (2015), EDX analysis of the X-ray fluorescence (XRF) 
spectrum is a quantitative approach premised on Moseley’s law, an empirical law relating to 
the characteristics of atoms-emitted X-rays. In 1913, Henry Moseley, an English physicist, 
conducted an experiment on the characteristics of X-ray, leading to the development of the 
concept of atomic number (i.e. number of protons). He later rearranged elements in the 
periodic table based on their atomic numbers and atomic weight, as had been the case 
previously. Moseley expressed his observations mathematically as shown in equation 6. The 
expression in equation (6) is referred to as Moseley’s law, which corresponds to Bohr’s 
atomic model. 
√𝒇 = 𝒌𝟏(𝒁 −  𝒌𝟐)                    … (6) 
Where: ƒ is the frequency of the observed x-ray emission line 
 Z = atomic number; and 
 k1 and k2 = constants that depend on the type of line (K, L, etc. in x-ray notation) 
 Consequently, the design of the EDXRF spectrometer, as illustrated in figure 10 
complies with the Moseley’s law, and comprises four main components namely: a power 
source, a subsystem that provides a path for light, a control circuit, and a personal computer 
(PC) (Yao et al., 2015). As demonstrated in figure 10, a primary X-ray is emitted by 
supplying high-voltage power to the X-ray tube. Once emitted, the primary X-ray irradiates 
the sample, which is consequently stimulated to emit XRF. The emitted XRF is then detected 
by an XRF detector (Yao et al., 2015). Upon receiving the emitted XRF, the XRF detector 
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classifies the received photons as per the relative energy. In addition, the XRF detector 
quantifies the number of photons that tally with various energy levels (Yao et al., 2015). 
Once the quantification of the photons is complete at the detector, the results are transmitted 
to the PC where the processes of quantitative and qualitative analyses are completed (Yao et 
al., 2015).  
 The light path subsystem of the EDXRF spectrometer comprises an X-ray tube, a 
collimator, charge-coupled device (CCD) camera and a detector, as shown in figure 10.  
 
 
  
The responsibility of the light path subsystem of an EDXRF spectrometer is to emit, receive, 
and count the XRF photons. As shown in figure 10, the operation of the light path subsystem 
commences with a supply of high-voltage power, which consequently provides the X-ray 
 
Filter 
CCD 
Sample 
Sample Table 
Collimator 
X-ray 
Tube 
Detector 
Be Window 
Figure 10: A Schematic Illustration of the Light Path Subsystem of an EDXRF Spectrometer 
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tube with high-voltage generated energy (Yao et al., 2015). As summarised before, the high-
voltage energy stimulates the X-ray tube, which then emits a primary X-ray. The emitted 
primary X-ray is then transmitted through the Be window, filter, and collimator to irradiate 
the sample, stationed on the sample table as shown in figure 10. Once irradiated, the sample 
is stimulated and consequently emits XRF, which is then received by the detector. Once 
received by the detector, the emitted XRF is transformed into a low-voltage pulse by the 
amplifier (Yao et al., 2015). A pulse amplitude that is proportional to the energy of the XRF 
received by the detector is amplified further by the main amplifier. The amplified voltage is 
then transformed into a digital signal by the analogue-to-digital converter (Yao et al., 2015). 
The digital signal undergoes further transformation into a pulse counter. The transformed 
digital signal is stored in a mechanical analyser before being formatted to an XRF spectral 
line. The spectral information is then transmitted by the detector to the PC for qualitative and 
quantitative analyses via a USB hub (Yao et al., 2015). The qualitative analysis in XFR 
spectrometry is classified into peak location, peak recognition, and element determination. 
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Chapter 4 
4 Silica-Based material Studies 
4.1 Developments in Production of Silica-Based hermoluminescence 
Dosimeters 
The content of the following section has been published in the journal “Radiation Physics and 
Chemistry”. D.A. Bradley, A.S. Siti Shafiqah, Z. Siti Rozaila, Siti Norbaini Sabtu, S. F. 
Abdul Sani, Abdulaziz Alanazi, S.M. Jafari, G. Amouzad Mahdiraji, F.R. Mahamd Adikan, 
M. J. Maah, A. N. Nisbet, N. Tamchek, H. A. Abdul Rashid, M. Alkhorayef, K. Alzimami. 
2016. “Developments in Production of Silica-Based Thermoluminescence Dosimeters” 
Volume 137, Pages 37-44, (Appendix A). The right to include the article in any thesis or 
dissertation has been obtained during assignment of copyright with the publisher. Also, the 
right to include this work in this thesis has been obtained from the co-authors. My major role 
in this work centred around samples preparations for proton and neutron irradiation, results 
analysis together with participation in the interpretation of the results and writing of the 
manuscript. 
4.1.1 Introduction 
Over the past three years the University of Surrey radiation physics group have been 
exploring the association between design and performance of silica-based media, our interest 
being in the utility of the latter in sensing ionizing radiation and in radiation dosimetry. These 
efforts stem from earlier adventitious use of commercially available Ge-doped single mode 
telecommunication fibres (SMF) in such applications, the design of these being entirely 
unrelated to the needs to which the fibres were put. The SMFs, as well as other 
telecommunication fibres such as multi-mode fibres (MMF) and variants of these including 
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Bragg gratings, are fabricated from low-defect silica, as an example, very pure SiO2 in the 
form of Suprasil F300, a product of Heraeus (Hanau, Germany). Doped fibre fabrication 
starts from a hollow capillary (of a few cm diameter), doped using the Modified Chemical 
Vapour Deposition (MCVD) process. This process requires the introduction of gases 
(typically germanium tetrachloride, GeCl4, and silicon tetrachloride, SiCl4) into a rotating 
hollow silica capillary, at the same time applying highly elevated temperatures, typically 
between 1800- and 2100qC, to allow a deformable material and the deposition on the inner 
walls of SiO2 and Ge2O3. The preform resulting from this MCVD process can then be pulled 
into fine diameter (a 0.1 mm) cylindrical fibres, a form typically used in telecommunications, 
again using elevated temperatures to soften the silica. The pulling requires use of a rig 
typically referred to as a pulling tower. For telecommunications the extrinsic dopant creates a 
change in refractive index between the boundary of the doped silica core and the silica 
cladding, light within a particular band of wavelengths suffering total internal refraction, 
transporting the light forward with very low losses from as low as 0.2 dB km-1 to perhaps 
afew dB km-1.  
The presence of defects extrinsically introduced into such silica-based insulator media 
provides for the trapping of electrons that have been excited by incident radiation, with these 
then being stored as a luminescence signal pending stimulated de-excitation. Storage of the 
trapped electrons in such media is typically good, providing integration of the irradiation-
mediated signal, strongly preserved over a period many orders of magnitude greater than the 
duration of the exposure. The situation is imperfect, a fraction of the trapped electrons 
spontaneously relaxing, due to sources of ambient energy, a loss referred to as fading. The 
fractional loss of TL signal depends on the depth of traps, deep traps (a few eV) suffering 
markedly less fading than more superficial traps. Practical systems of readout through 
stimulated de-trapping can either function through the application of heat, producing 
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thermoluminescence (TL), or exposure to a controlled source of light, producing optically 
stimulated luminescence, the emission spectrum that reflects the trapping levels being picked 
up by a photomultiplier tube. Such systems provide a passive form of detection, contrasting 
with active devices such as diodes or ionisation chambers.  
Present interest is in TL, a less favourable practical feature of such systems is the lack of on-
line monitoring capability. For a well-behaved TL medium, one that can be used for radiation 
dosimetry, it is desirable for the system to respond sensitively to the radiation levels of 
interest and to provide TL yield linear with radiation dose. The range over which this occurs 
is referred to as the dynamic range. A highly sensitive medium points to lower limits of 
detection, the tendency being for the available defects to become occupied at relatively low 
doses. Indeed, the study is currently pursuing doses down to a small fraction of a mGy as will 
be shown later. Conversely, the benefit of a less sensitive dosimeter for a particular source of 
radiation is that it can be used beyond the upper limit of linearity of the more sensitive 
dosimeters. As such, the question as to whether a dosimeter is considered good or poor is 
ultimately linked to the level of dose and range of dose that one wishes to detect, the arbiter 
of utility being whether it can be used as a monitor of environmental radioactivity, 
accumulating annual doses of as low as a few mGy, in dosimetry of synchrotron microbeam 
therapy beams delivering doses at a rate of the order of 10 kGy min-1  (Abdul Rahman et al., 
2010), or applied to radiation processing facility dosimetry, with doses of 10s of kGy 
delivered over a period of an hour or less. 
With this brief overview, it is perhaps clear that there exist a number of issues that need to be 
addressed in seeking high performance TL media. As an example, among the issues 
confronting use of commercially available fibres such as SMFs, are:  
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(i) undoped silica cladding, a low-defect unproductive component that also acts to 
attenuate the TL signal exiting the doped region, as indeed will the doped volume 
itself (Nawi et al., 2015);  
(ii) dopant concentrations that yield sub-optimal TL levels; 
(iii) geometric formation that offers sub-optimal net TL yield; 
(iv) a potential inhomogeneously doped medium, with additional need to establish 
whether the fibres yield the designed-for dopant concentrations, measured using 
techniques such as refractive index profiling (RIP), scanning electron microscope 
energy-dispersive x-ray analysis (SEM-EDX) and also proton-induced x-ray 
emission/proton-induced gamma emission (PIXE/PIGE) techniques, the PIGE 
depending on nuclear reactions and their analysis; 
(v) light transmitted through the cladding depending on the incident irradiation and 
spectra, trap depth also defining the net luminescence exiting the fibre;  
(vi) recognition that the thermal conductivity of SiO2, which while not small, is less 
than that of LiF, pointing to potential need for use of a temperature ramp-rate 
lower than that typically applied in use of phosphor dosimeters (LIF has a 
particularly high thermal conductivity).  
 
In regard to (vi), with fibres popularly cut to 5 mm lengths for ease of handling, to-date the 
fibres have been read-out with their long dimension in contact with the planchet (the heating 
plate of the TL reader), not least allowing good thermal contact between the heating plate and 
TL medium. With TL light transporting preferentially along the fibre, normal to the 
photomultiplier tube, this sub-optimal readout situation has nevertheless been shown to offer 
excellent capability for radiotherapy applications (with doses from a fraction of a Gy to 10s 
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of Gy and beyond). A further issue in design of silica fibres is that the MCVD and fibre 
pulling facilities are expensive to establish and operate.  
In what is to follow a review is given on the MCVD-based fabrication method and a wet-
chemistry sol-gel nanoparticle approach that offers lower costs of fabrication, summarizing 
what is know from the characterization of defects and the radiation performance parameters. 
Example situations will then be provided. 
4.1.2 Silica production routes 
Understanding the origin of luminescence from the various silica fibres involves study of 
instrinsic defects in the starting material, as well as those that result from fabrication, eg 
strain-related defects and extrinsic doping, and those that arise from exposure to ionizing 
radiation, all existing in differing concentrations and charge states. As intimated, commercial 
optical telecommunication fibres can lead to a poorly posed situation, the fabrication 
parameters having been set up to provide for optimum telecommunications. As such, the 
primary intent of the present collaboration has been to work with preforms and fibres based 
on use of the MCVD process, in particular those that have been tailored towards radiation 
detection, contrasting this route towards production with the surface decorated nanoparticle 
sol-gel approach. The sol-gel route offers a very much cheaper processing technique for 
production of doped glass developed for TL purposes (T Rivera et al., 2007; Siti Shafiqah et 
al., 2015; Wang et al., 2012) but as with the MCVD product it provides a solution that is not 
entirely without issues, not least in seeking to obtain a closely similar quality product from 
each production batch. The variant of the sol gel technique of interest herein involves 
producing surface-decorated/surface-coated silica nanoparticles, the surface 
decoration/coating creating luminescence centres. Herein production of Ag-doped silica 
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nanoparticles is report. In this thesis the analytical approaches in investigating the utility of 
the two forms of doped silica media involve: 
1. elemental composition and morphological studies, to-date the sol-gel media being 
limited to use of SEM-EDX and x-ray diffraction (XRD); 
2.  defects characterization via optical properties (UV-Vis, Raman spectroscopy, 
photoluminescence spectrometry, RIP and X-ray photo spectroscopy, XPS), to-date 
limited to the optical fibres; 
3. dosimetric performance, for the MCVD fibres including the challenging situations of 
exposure to alpha particles and neutrons in aqueous environments. 
 
SiO2, be it crystalline (eg quartz, coesite, moganite) or amorphous (eg opal, hyalite, and silica 
glass, the latter being the main focus of our interest), is formed of a 3D network of four 
oxygen atoms surrounding each Si ion. The amorphous oxide lattice closely matches silicon 
in size, the tetrahedral structure bonding Si by sharing oxygen atoms in a six-membered ring 
(Fig. 11). 
 
Figure 11: (a) silica molecule; (b) 6-membered ring lattice of silica molecules (adapted from: 
http://www.iue.tuwien.ac.at/phd/filipovic/node26.html). 
 
The physical properties of SiO2 include: 
i. high melting point, a1700 qC, the silicon-oxygen covalent bonds throughout the 
structure needing to be ruptured before melting occurs; 
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ii. being an insulator, with electrons tightly held between atoms; 
iii. being insoluble in water and organics solvents, of particular interest for in vivo 
applications and those involving aqueous environments.  
 
Defects underpin the mechanism of TL, the electrons and holes released by radiation being 
trapped at defect sites, giving rise to optical absorption and luminescence (Chen & 
McKeever, 1997). Notwithstanding the many types of defects in silica, present interest 
concerns those causing significant TL, intrinsic and extrinsic. Prime examples of the intrinsic 
are the broken or dangling bond, the oxygen/silica deficient centre and the self-trapped 
exciton. The former are dangling orbitals populated by unpaired electrons, detectable through 
electron spin resonance (ESR) (Jafari et al., 2014). Non-bridging oxygen gives rise to oxygen 
dangling bonds (potential hole traps) and empty Si orbitals. The oxygen broken bonds have 
been identified to be the source of 7.6 eV absorption which, while too deep for direct TL 
readout, is nevertheless potentially accessible by photo-transferred TL, PTTL; (see Zulkepely 
et al., 2015). Expected to be present in as-grown materials, as in silica, the broken bonds are 
also readily created by ionizing radiation. In disrupted SiO2 tetrahedrathe absence of oxygen 
or silicon atoms creates oxygen deficient and silicon deficient defects. The oxygen-deficient 
centre (ODC), familiarly designated E`, is representative of ≡Si-Si≡ with Si-Si indicating 
electron bonding in a chemical reaction. Analysis of the E` centre indicates the presence of an 
unpaired spin, localized at the sp3 orbital of the silicon atom, with orbital orientation towards 
the oxygen vacancy position (Silsbee, 1961). If two adjacent silicon atoms relax 
asymmetrically, the most likely occurrence in vitreous glass givenits inherit asymmetry, then 
one electron can stabilize itself on one of the silicon atoms (Beall Fowler and Edwards, 
1997). ESR studies in silica glass have shown the same E` structure (Griscom, 1979). The Si-
Si centre is capable of forming a hole–trap (Tsai et al., 1988). At annealing temperatures the 
E` centre can transform into a Si-Si centre, while at even greater temperature the Si-Si centres 
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tend to transform into excess silicon atoms in SiO2. These excess silicon atoms will then no 
longer produce luminescence (Rebohle et al., 1998). 
 
In regard to the self-trapped exciton, when an electron is excited in a lattice it leaves a hole in 
the valence band. This electron will experience a Coulombic interaction with the hole, 
screened by ions and other electrons. The electron–hole pair, termed an exciton, can 
propagate through the crystal. In SiO2, the electron-hole pair is strongly bound due to the low 
dielectric constant of the base compound. The presence of the self-trapped exciton in silica 
leads to energy levels inside of the normal bandgap. Tsai et al (1988) have estimated the 
exciton binding energy in SiO2 to be about 1.3 eV. Further, the existence of a 
photoluminescence (PL) band at 440 nm in SiO2 supports the suggestion that excitons are 
trapped in the SiO2 matrix, a phenomenon absent in an ideal crystal. It is now accepted that 
the mechanism for this defect in silica is the motion of oxygen atoms in the crystal. The 
motion, first proposed by (Fisher et al., 1990) is an oxygen atom rotation about another Si-O 
bond of a neighboring silicon atom. This motion causes a lattice distortion that significantly 
changes the local energy level in the crystal.  
 
In regard to extrinsic defects or impurity centres, when impurities are introduced into the 
SiO2 substrate it involves a model in which the impurity centres become either substitutional 
atoms, interstitial atoms or an impurity-intrinsic complex, with any of these being present 
inside the material. Apart from the possibility of introducing a new luminescence band, 
impurity atoms might also change the number of electron or hole traps or else provide much 
deeper traps in the media. One of the main desirable properties involving Ge impurities is its 
photosensitivity. Much attention has been paid to the defect produced by the photosensitivity, 
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known as the germanium oxygen deficient centre (GODC). This defect is commonly 
considered to be responsible for the changes in the refractive index in germanosilicate glass 
(Dianov et al., 2000). Concerning the absorption optical activity of these germanium related 
defects, it has been observed to have a connection with the band peaks at 240 nm and 245 
nm, referred to as the GODC and NOV (neutral oxygen vacancy) respectively. These two 
defects have sometimes been assigned to the wrong bond, such as Ge-Ge, Si-Ge, rather than 
the usual Si-O-Ge bond in Ge-doped-silica media. It is found that these defects can be 
bleached with UV irradiation, producing defects such as GeE`, Ge (1) and Ge (2). GeE’, Ge 
(1) and Ge (2) are the most common Ge related paramagnetic defects that can be detected by 
electron paramagnetic resonance (EPR) in irradiated Ge-doped silica media. The GeE’ is 
representative of (≡Ge•), associated with an absorption band at 6.2- 6.4 eV. The Ge (1) defect 
consists of an electron trapped at the site of a substitutional 4-fold coordinated Ge precursor 
(GeO•4) (Chiodini et al., 1999; Neustruev, 1994; Pacchioni & Mazzeo, 2000), attributed to 
the absorption band at 4.4 – 4.6 eV. The Ge (2) defect is assigned as ionized twofold 
coordinated Ge (=Ge••). Based on EPR analysis, the presence of GeE, Ge (1) and Ge (2) are 
found to be in the region g = 1.9937, 1.9933 and 1.9866 respectively. 
 
The photosensitivity of Ge-doped silica material is found to be correlated with a defect 
observed in the photoluminescence spectrum, known as the Ge Lone Pair Centre (GLPC) 
with microscopic structure that has been illustrated to be similar to the Ge (2) defect. This 
defect can be observed in two band peaks in the photoluminescence spectrum, at 3.2 eV and 
4.3 eV, with the absorption band referred to as transitions from a point defect ground singlet 
state (S0) to the first single state (S1) (Hosono et al., 1992; Skuja, 1992).  
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4.1.3 Ge-doped optical fibre produced via MCVD technique 
The fibres used in the current research in TL studies have employed the MCVD technique, 
produced in a high temperature environment using GeCl4 and SiCl4 as the precursor 
(Jacqueline et al., 2004; Liu et al., 1997; Mat-Sharif et al., 2013). The TL response of 
commercial SiO2 doped optical fibre has been investigated for photons (see for instance, 
Abdul Rahman et al., 2011; Youssef et al., 2001), electrons (eg Abdul Rahman et al., 2011; 
Hashim et al., 2009) and alphas (eg Ramli et al., 2009) in each case showing considerable 
potential in dosimetric applications. Abdulla et al. (2001) carried out a study on commercially 
available Ge-doped optical fibre using a gamma source, the response being found to be linear 
from 1- 120 Gy. Under electron irradiations, the Ge-doped fibres were shown to have a TL 
response superior to that of Al doped optical fibre, with linearity over the range of doses 
0.02-0.24 Gy (Yaakob et al., 2011), tying in with the fact that Ge in the core allows increase 
in the value of the refractive index due to the photosensitivity.  
Developments beyond the commercially available telecommunication fibre, also obtained 
using the MCVD technique, have included fabrication of hollow cylindrical fibres, collapsed 
fibres, photonic crystal fibres and flat fibres, with various Ge dopant concentrations 
extrinsically introduced and with various dimensions. As an instance, Ghomeishi et al (2015) 
have investigated three types of Ge-doped optical fibres: conventional cylindrical fibre, 
capillary fibre, and flat fibre, all fabricated using the same optical fibre preform. For electron 
and photon irradiated fibres at doses from 0.5 to 8Gy, the results show for capillary fibre 
collapsed into a flat shape that the TL yield is increased by a factor of 5.5, also some 3.2 
times that of the cylindrical fibre. This suggests a strain-generated means of production of 
suitably sensitive TLD for in-vivo dosimeter applications, with changes in the form of glow 
curve also being noted. Begum et al. (2015) have also been among those who have shown 
that the sensitivity of FF constructs can be made to be competitive with phosphor-based TLD, 
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in the particular case that of TLD-100 and TLD-700 (doped LiF). Further investigations have 
concentrated on novel microstructured fibres, one example being the photonic crystal fibre 
(PCF), produced by what is referred to as a stack and draw method (multiple doped fibres 
stacked together, as for example in a hexagonal array and then pulled into a fine fibre form), 
the TL arising from the dopant (Ge and B as an example) and induced strains (Dermosesian 
et al., 2015). Here, an interesting question concerns whether methods might be developed that 
could apportion the fractional TL yield due to the strain-related defects and extrinsic 
dopant(s).  Glow curve analysis would seem to hold the key to this. The report of 
Dermosesian et al. shows that PCFs can markedly improve upon the sensitivity of an SMF, in 
one instance by a factor of ~ 30. 
4.1.4 The sol-gel technique 
Chemical precursors are applied in this low temperature technique, providing a means of 
producing ceramics and glasses with purity and homogeneity greater than that achievable 
using the conventional high temperature MCVD technique. The method has been used to 
produce a wide range of compositions, mostly oxides, in various forms including powders 
(Rivera et al., 2007b; Rivera et al., 2007c), fillers (Wen and Mark, 1994), coatings (Kurz et 
al., 2006; Natsume & Sakata, 2000) and thin films (Kajitvichyanukul et al., 2005; 
Marikkannan et al., 2015).The technique starts from mixtures of a chemical solution, the 
precursors acting as the source of elements to be incorporated into the final product. The most 
common precursor used for silica glass is tetraethylorthosilicate, Si(OC2H5)4, commonly 
referred to as TEOS. The main chemicals in the mixture are then  made to undergo chemical 
processes with the intent of forming a colloidal suspension known as sol. After going through 
a sequence of chemical reactions the sol stiffens to form a gel, subsequently heated and dried 
to form solid (sometimes as powders).In fabrication, Dabbaghian et al., (2010) found ethanol 
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co-solvent to have the most significant effect on particle size and size distribution of the 
synthesized silica nanoparticles. Park et al. (2002) reported that smaller sized silica particles 
can be obtained by employing a small ratio of ethanol in the mixture. The synthesis of mono-
dispersed silica particles have been explained in detail by Bogush et al. (1988). To-date, most 
TLDs in nanoparticle form have been made of ceramics such as ZrO2 and ZnS. Purpose-made 
for TLD studies, these have been demonstrated to have good performance under UV light 
(Azorín et al., 2005). Fewer studies have reported on the TL response of silica nanoparticles, 
Carvalho Jr et al. (2010) reporting on the TL response to gamma rays of natural quartz at nm 
particle size and Mendoza-Anaya et al. (2003) discussing the TL performance of pure silica 
nanoparticles, comparing these with Fe and Cu-doped material. Pandey et al. ( 2004) 
investigated TL from pure silica nanoparticles supported by results from photoluminescence 
spectroscopy for defect characterization. 
4.1.5 Ag-doped silica nanoparticles 
In the following section nanoparticles are abbreviated to Np and the focus is on Ag as the 
dopant of interest. Elsewhere, CdS and ZnS have been doped with Ag (Tiwari et al., 2014), 
the TL intensity increasing with increase in UV exposure time, indicative of TLD potential. 
The use of Ag nanoparticles in ZnO2 has resulted in modification of the kinetic parameters, 
inducing a shift of the TL temperature towards higher values (Villa-Sanchéz et al., 2007), 
being of particular importance in ensuring a low fading rate of the stored TL signal. 
One concern in introducing dopants into SiO2 in the form of molten glass is the solubility. 
While in principle any element can mix with the SiO2 precursor during the solution stage,the 
doping of Ag in SiO2 is advantageous, SiO2 reducing the tendency towards Ag Np 
agglomeration, important in achieving mono-dispersal of the AgNp. There is already  a good 
deal of experience in working with Ag nanoparticles. As an example, coating of nanoparticles 
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of this metal with a SiO2 shell has been studied in attempts to enhance colloidal and chemical 
stability (Niitsoo and Couzis, 2011). SiO2 coatings have also been successfully produced in 
forming a controlled dielectric environment around the AgNp, improving precision in surface 
plasmon resonance (SPR) sensing. Ag-doped SiO2 has also been applied in surface enhanced 
Raman scattering (SERS), with Ag as one of the plasmonic materials, light excitation 
enhancing the local electromagnetic field (Feng Xian Liu et al., 2001; Long et al., 2012). In 
Fig 12 , the Cu KD XRD pattern shows a broad distribution peaking at 2θ = 23°, indicating 
successful production of amorphous silica and agreeing with others (Gorji et al., 2012; 
Tabatabaei et al., 2006). 
 
 
 
 
 
 
 
 
 
Figure 13: XRD patterns for Ag-doped silica nanospheres, with crystalline peaks revealing AgNp within the structure 
of the pure silica base media. 
Figure 12: Example XRD pattern of silica Nps, the broad peak indicating the 
silica nanoparticles to be in an amorphous state. 
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The results of Figure 13 reveal crystalline peaks for the Ag-doped medium, at 2θ = 38.2, 
44.4, 64.7 and 77.5°, confirming the presence of Ag nanoparticles in agreement with others 
(Hilonga et al., 2012; Mie et al., 2014; Torres et al., 2007)] 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Mean particle size (±1σ) silica nanoparticles (Siti Shafiqah et al., 2015) 
Sample Mean particle size (nm) 
E5 <10 
E10 80 ±18 
E20 140 ±17  
E30 550 ±9 
 
In Figure 14, it is apparent that particle size manifestly influences the TL properties of the 
silica nanoparticles, smaller particles, with proportionately greater surface area, exhibiting the 
greater TL yield compared to that of larger samples (Siti Shafiqah et al., 2015). As such, there 
Figure 14: Mass-normalised nanoparticles TL as a function of radiation dose, the table 
below (Table 6) providing information on particle size (Siti Shafiqah et al., 2015). 
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are a proportionately greater number of light-emitting ions on the surface. The TL response 
of the nanoparticles increases with dose, pointing to the possibility of using silica 
nanoparticle powder as a dosimetric base-material. Mendoza-Anaya et al. (2003) report silica 
gel glow peaks to achieve an intensity maximum at much lower temperature compared to 
present results, indicative of a potential for enhanced TL performance in using present 
nanoparticle samples. 
 
Figure 15: TL response of pure silica and Ag doped sample within dose range 1- 500 Gy. The variation in TL yield 
and error bars of relatively large magnitude are indicative of the control issues needing to be confronted in product 
generation. 
With Ag as the extrinsic impurity, effects are revealed in Figure 15 that contrast with the use 
of Ge, one similarity being that with both Ag- and Ge-dopants saturation appears at much 
greater dose, beyond 500 Gy, compared to that of pure silica samples. For the latter, 
saturation starts at around 300 Gy. For present samples the AgNps reduce the TL signal, with 
response less than that of the pure silica samples. Here the Ag multilayer coating the silica 
surface acts not only as a promoter of TL yield on the silica nanoparticles surface but also as 
an attenuator, absorbing and scattering a fraction of the incident radiation. Additionally, the 
layer acts as an inhibitor, reducing the efficiency for transport of TL from the silica 
nanoparticle surface. Thus said, a particularly attractive feature of the Ag is the extended 
dynamic range, providing greater versatility of the Ag-doped medium in radiation technology 
applications at elevated doses, as are found in radiation processing. 
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4.1.6 Examples of fibre TL applications 
Here two situations were selected, the ﬁrst being that of modulated and unmodulated proton 
beams, illustrating the considerable spatial resolution (0.1 mm) capability of ﬁbres in making 
depthdose measurements, in this case of a 62 MeV proton beam. Use was made of 
commercial Ge-doped silica ﬁbres, purchased from CorActive (Canada), the ﬁbres having a 
core diameter of 50 μm and a cladding diameter of 125–127 µm. In order to use the ﬁbres, the 
coating was ﬁrst carefully removed through use of a ﬁbre stripper (Miller, USA). The ﬁbre 
was then cleaned to remove any residual polymer. The product was then cut into small ﬁbre 
lengths of approximately 0.3 ± 0.1 cm, use being made of a scalpel. 
The measurements (Fig. 16) were made in a thin window (0.1 mm mica) water phantom, the 
irradiations being carried out using the UK National Health Service Clatterbridge proton 
therapy facility. The results have been compared against gold standard parallel plate 
ionization chamber measurements. In measuring the Bragg peak, the commonly observed 
issue of a quenching effect is evident, with a decreased response with increasing ionization 
density of the radiation ﬁeld. This dose underestimation in the Bragg peak of heavy charged-
particles (Rah et al. 2012), also re ferred to as the quenching effect (Azangwe et al. 2014), 
has been reported most for chemical dosimeters such as ﬁlm, polyacrylamide gels (PAG), 
Fricke gels, PRESAGEs, and alanine (Doran et al. 2015; Baldock et al. 2010 and Gustavsson 
et al. 2004). This phenomenon is not yet fully understood; high-dose saturation, ion-
recombination and track structure theory are among the possible explanations, as discussed 
by Gustavsson et al. (2004); Jirasek and Duzenli (2002); Katz (1978); Zhao et al. (2012) and 
Gorjiara et al. (2012). More detailed investigations are ongoing, the present work simply 
being to illustrate the utility of the ﬁbres. From this preliminary study it is evident that: 
x Data for the profile can be obtained in a single exposure, saving considerable beam 
time, a matter contrary to the experience in making use of a parallel plate ionization 
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chamber for point-by-point measurements;  
x Very high resolution range verification is to be had; 
x The irradiated fibres show variations about the mean of up to ±10%, an outcome that 
is highly competitive with results obtainable using the well-established LiF:Mg, Ti 
(TLD-100) phosphor-based medium. 
 
 
Figure 16: Depth dose distribution of a modulated and un-modulated 62 MeV proton beam. The upper graph shows 
the outcome for an undmodulated beam, the parallel plate ion chamber achieving the predicted peak to plateau ratio 
of some 5:1 while the ﬁbres approach a a ratio of 4:1. The lower graph shows the outcome for a modulated beam, the 
ﬁbres producing a range that closely agrees with parallel plate ion chamber measurements. 
0
20
40
60
80
100
120
0 10 20 30 40
No
ra
ml
ise
d 
do
se 
(%
) 
Depth in water (mm) 
Depth Dose Profile for 62 MeV Proton Beam  
PPIC
Optical Fibre
0
20
40
60
80
100
120
0 10 20 30 40
No
ra
ml
ise
d 
do
se 
(%
) 
Depth in water (mm) 
80 
 
The graphed results of Figure 17, relate to the second set of situations, showing mass-
normalised data from irradations of fibres of various form and also of phosphor-based TLDs, 
obtained using a tube x-ray facility (model ERESCO 200 MF4-RW) located at the Physics 
Department of the University of Malaya. For present work the tube x-ray facility was 
operated at 80 kVp nominal tube potential, with doses to the samples ranging from 0.5 mGy 
to 10 mGy, verified through use of a calibrated ionisation chamber. The fibre results are for 
doped PCFs (Ge and B doped), PCFc_Ge and PCFc_B, the subscript c indicating that under 
the action of a vacuum, the fibres were collaped down from hollow bores into a solid 
assembly (see for instance, Ghomeishi et al., 2015; Dermosesian et al., 2015), inducing 
strain-related defects and thus additional TL sensitivity. The inset shows the sensitivity of the 
PCFs to greatly exceed that of TLD-100 (a doped LiF medium) while the main figure 
illustrates the sensitivity of TLD-200 (CaF2:Dy) phosphor, a material notable for its ability to 
sense environmental levels. Under the well-controlled situation of x-ray irradiations, the 
senstivity of TLD-200 is seen to out perform the present capability of our PCF media. It is to 
be noted that at calibrated doses the individual TLDs have been selected to provide uniform 
response to within ± 5% of the mean TL yield. 
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Figure 17: TL response of collapsed PCFs and phosphor TLDs subjected to 80 kVp X-ray irradiation. The inset 
depicts the TL response of the PCFs and TLD-100 in the absence of TL-200 data.  
The various media under field conditions were subsequently tested, locating the media in 
glass containment in soil at a site marginally affected by technologically enhanced levels of 
naturally occurring radioactive material (TENORM). The dosimeters were buried in soil at 20 cm 
depth, as shown in Table 17 and left there for a period from two to four months. With mean above-
ground dose-rates in air at 1 m of some 11 nGy/h, a dose corresponding to a32 PGy over a four month 
period (Tikpangi Kolo et al, 2015). Samples of each type of TLD were collected 2 months after burial 
and 4 months after burial (with R1 representing the first sample collection and R2 the second sample 
collection).  
Table 7: Location coordinates outside the particular Plant (Tikpangi Kolo et al, 2015). 
Sampling ID  
                   Coordinates Distance 
(in km) 
from Plant 
site 
Latitude, N Longitude, E 
L1  3⁰ 59' 52.4" 103⁰ 22' 26.3" 1 
L2  3⁰ 59' 50.1" 103⁰ 22' 25.6" 1 
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L3  3⁰ 59' 35.4" 103⁰ 21' 35.6" 5 
L4  3⁰ 58' 12.4" 103⁰ 24' 32.2" 5 
L5  3⁰ 50' 12.4" 103⁰ 17' 47.2" 20 
 
Figure 18: Mass normalized TL yield for collapsed PCFs and phosphor TLDs. R1 refers to the first sample collection 
(2 months post-burial) and R2 to the second sample collection (4 months post-burial). The five sampling locations, L1 
to L5, are identified in Table 7. 
The results, in histogram form (Figure 18), are accompanied by glow curves for the various 
TL media (Figure 19), soils analysis at the five specific locations including high-resolution 
gamma-spectrometry using a shielded high-purity Ge (HPGe) detector. The choice of 
locations were guided by the gamma-spectrometry analysis and hand-held survey meter 
findings, obtained regularly over a two-year period, identifying potential elevations (of a 
factor of up to 2) of NORM over undisturbed soil values (sampling location L1, L2, L3 
offering particular examples).  For the second sample collection (R2), the TLD results are 
typically greater than those from first sample collection (R1). The PCFc_Ge samples offer 
greater TL yield compared to the PCFc_GeB, the converse of that found in using 80 kVp X-
ray irradiations, a matter linked to the differing energy response of the two fibre types for the 
two very different spectral distributions (80 kVp x-rays and NORM). In line with the broad 
indication offered by the x-ray tube irradiatons, TLD-100 offers a lesser response compared 
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to the PCFs, as expected, while the TLD-200 falls short of the indicative relative sensitivity 
recorded for the other media in use of 80 kVp calibrations. As expected, the PCF dosimeters 
provide sensitive measurement, unaffected by moisture, while the degraded in-field 
performance of the TLD-200 phosphor accords with evidence of moisture intrusion.  
 
Figure 19: The glow curve of PCFs obtained in burial at location L1 for the first sample collection (R1) and second 
sample collection (R2). 
In Figure 19, the glow curves for R2 for both PCFs are seen to be of manifestly greater 
intensity than R1 data. As futher observed in the histogram of TL yields of for example the 
L1 sampling location, PCFc_Ge offers the greater TL yield compared to PCFc_GeB. For R2 
data, the peak maximum is observed to occur between 255 to 260 ⁰C for both PCFs.  The 
glow curves for the PCFs show the beginning of a high temperature shoulder indicative of 
strain-related defects.  
4.1.7 Conclusions 
The collaboration whose work is represented herein have made progress towards 
understanding a number of the major issues guiding development of silica based media for 
TLD. Fabrication issues have been discussed and how these can influence defect types and 
concentrations. 
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4.2 Latest developments in silica-based thermoluminescence 
spectroscopy and dosimetry  
The content of the following section has been published in the journal “Applied Radiation 
and Isotopes”: " D.A. Bradley, S.M. Jafari, A.S. Siti Shafiqah, N. Tamcheck, A. Shutt, Z.Siti 
Rozaila, S.F. Abdul Sani, Siti Norbaini Sabtu, Abdulaziz Alanazi, G. Amouzad Mahdiraji, 
H.A. Abdul Rashid, and M.J. Maah. Volume 117, November 2016, Pages 128-134, “Latest 
developments in silica-based thermoluminescence spectroscopy and dosimetry” (Appendix 
B). The right to include the article in any thesis or dissertation has been obtained during 
assignment of copyright with the publisher. Also, the right to include this work in this thesis 
has been obtained from the co-authors. My major role in this work centred around samples 
preparations for proton and neutron irradiation, results analysis together with participation in 
the interpretation of the results and writing of the manuscript. 
4.2.1 Introduction 
       The last three years has witnessed an increased desire to improve luminescence 
dosimetry through the development of GeO2 doped SiO2 fibres of fine diameter (0.1 mm – 1 
mm). Our previous investigations of commercial jewelry beads have shown that such beads 
are characterized by additional benefits, in terms of robust utility and reduced cost. With both 
media (i.e. GeO2 doped SiO2 fibres and commercial jewelry beads) being silica-based, 
compositional investigations by previous researchers, including Jafari et al. (2014a), have 
established the presence and concentration of dopants in the silica, with the purpose of 
developing highly sensitive thermoluminescence dosimeters (TLDs).  
 Through the use of a custom-built spectrometer, this section presents first findings for 
emission wavelengths, which indicate a dominance of wavelengths towards the blue end of 
the visible spectrum. Our focus on thermoluminescence (TL) yield is aimed at defining the 
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optimal concentration of GeO2 in the SiO2 fibres, which currently ranges between the 
standard of 4 mol% up to 12 mol%.  Whereas short-range SiO2 network experiences minimal 
strain at low dopant concentrations, studies by Abdul Sani et al. (2015a, 2015b) have 
established that elevating Ge dopant concentrations above the standard 4 mol% lead to lower 
TL yield due to concentration quenching or “self-absorption. The present work thus 
predominantly investigates the preforms upon which the fibres are formed.  
Given the current interest in Ge-doped silica preforms, this section attempted to determine 
changes in emission occasioned by changes in defect concentrations. To commence the study 
of the TL glow curve, a description of the standard energy levels for the inherent defects in 
the Ge-doped silica preforms media was undertaken as modeled in figure 1. The band model 
presented in figure 20 is characterized by different types of energy bands as demonstrated. Ec 
is the activation energy or conduction energy, and is the least energy necessary for de-
trapping.  
 
Figure 20: Energy band model illustrating the electronic transmissions associated with a TL material.  
Ev refers to valence band energy, while Ef is the Fermi energy. Electrons and holes are 
generated in the region a of figure 20 while region b allows for electron-hole trapping. 
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Thermal stimulation leads to the release of electrons in region c while recombination occurs 
in region d of figure 20. 
4.2.2 Energy Band Diagram 
 The absorption and thermoluminescence process are the concerns of optical activity. 
The introduction of Ge atom into the glass-matrix lattice leads to the modification in the bond 
energy, as the Ge atoms move to take up interstitial or substitutional positions. Such 
modification occasions the free movement of the donor electrons from one ion to another. 
The energy gap between silica’s valence and conduction band widens at approximately 9 eV, 
as illustrated in figure 21. 
 
Figure21: Modification of the energy band structure of silica by impurity atoms(Ge)or lattice 
irregularitiesinthesilicaglassthatcreatelocalizedelectronstates(energy values all in eV).This figure was constructed 
with the help of available literature (Randall, 1945; Skuja, 1992, 1998; Imai andHirashim,1994; Amossov and Ry- 
baltovsky,1994), showing the various possible defect energy levels in Ge doped silica. 
The electrons can transition from ground energy to the conduction energy upon absorbing 
sufficiently greater light energy, and consequently, a current is produced. Trapping of the 
electrons by the Ge atoms (impurity atoms) in the silica glass can take place at intermediate 
energies, a phenomenon that leads to the creation of localized electron states which are often 
characterized by extremely narrow energy level, and can trap electrons longer (up to years). 
Such energies are released in the form of photons and are classified in accordance with 
typical time scales, as is the case in fluorescence (10-7 s) as well as phosphorescence (102 s). 
The phosphorescence process has a range of applications. This photon forms our main 
interest in the current work. The localized energy states occasioned by impurity atoms such 
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as the Ge atoms, have been investigated by a number of researchers, including Randall 
(1945), Skuja (1998), Imai and Hirashim (1994), as well as Amossov and Rybaltovsky 
(1994). The results of these studies have provided for a comprehensive summary of the Ge-
doped silica glass energy levels as shown in table 8.  
 
Table 8: Silica’s Optical Absorption and Luminescence Band Defect Centres 
 
Acronym(s) of Defect 
Proposed Structural 
Model(s) 
Situation of Optical 
Absorption Band 
Peaks (eV) 
PL Bands Peaks 
(eV) 
Si ODC(II), Ge ODC(II) Oxygen vacancy 6.8-7.0 4.2-4.3 
B2(Si), Oxygen divacancy  4.95-5.05 4.3-4.4 
B2(Ge) Oxygen divacancy 5.1-5.4 4.3-4.4 
Si𝟎𝟐 
discoordinated Si/Ge 3.15 2.7-2.8 
Ge𝟎𝟐, Ge
2+ Discoordinated Ge 3.7 3.0-3.2 
Non-bridging-oxygen 
hole centre (NBOHC) 
≡Si–O 4.8 1.85-1.95 
 
4.2.3 Energy Level of GeO2-SiO2 Glass  
 The production of the point defects in an insulator’s or semiconductor’s extrinsic 
doping adopts the form of a mixture of vacancies and interstitials, all which lead to the 
distortion of the structure plane, and thus occasioning the alteration of compactness and local 
charge as well as strain. Colour centres are produced by the point defects as a consequence of 
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the modification of electronic neutrality. The line defects and area defects emanate from 
dislocations and instance grain boundaries respectively. The standard energy level description 
of GeO2-SiO2, as shown in figure 21, provides a reflection of the defects, while table 8 
summarizes the results of previous investigations of doped media such as silica doped by 
GeO2. In the current study, our focus is limited to the study of glow curves and emission 
spectrum. In particular, an examination of two samples of GeO2 doped silica proforms 
namely: oxygen-rich Ge-doped silica preform and oxygen-deficient Ge-doped silica preform 
was undertaken.  
4.2.4 Sample Preparation  
The approach taken in the present work has been that of developing the two preform 
samples of oxygen-rich Ge-doped silica preform (P1) and oxygen-deficient Ge-doped silica 
preform (P2). A description of the preparation these samples as well as their optical 
spectroscopic characteristics have been provided by Tamchek et al. (2013) and Siti Shafiqah 
et al. (2015).  
4.2.5 Experimental Set-up for Conventional Glow Curves 
In order to obtain the necessary glow curves, the University Malaya Radiation 
Laboratory’s Harshaw Model 3500 Manual TLD reader was used. The two samples adopted 
for the investigation (P1 and P2) had to undergo pre-heating up to a temperature of 80 oC so 
as to get rid of the thermally unstable thermoluminescence component associated with the 
glow curve. The pre-heated samples were then subjected to further heating to a temperature 
of up to 400 oC at a rate of 10 oC/second. What followed then was the analysis and 
deconvolving of the glow curves, beginning with Voigt profile, from which it was  
demonstrated in the current work that the components peaks can be approximated by the 
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Gaussian function, which also allows the approximation of the peak central temperature and 
FWHM. Nevertheless, Alawiah et al. (2015) noted that this is a limited approach.   
In the current case, the extremely smaller Lorentzian contribution to the Voigt profile 
was neglected while fitting the information to the Randall and Wilkins’ TL model. Figure 20 
illustrates the activation energy (Ec) of the glow curves. A characteristic feature of the 
Randall and Wilkins’ TL model is that the peak positions remain fixed, while their heights 
are directly proportionate to the dose. The analysis of thermoluminescence emission spectra 
was performed using an in-house experimental setup (figure 22) as described in the following 
subsections.  
 
Figure 22: The In-house Experimental Setup for measuring emission spectra of the heated samples P1 and P2. 
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4.2.6  The Experimental Set-Up for TL Emission Spectra 
The experimental setup adopted for measuring the heated samples’ emission spectra is 
presented in figure 22. The entire system of the set-up (figure 22) comprises three main 
components namely: a heating chamber, the spectrograph, and a high sensitivity CCD array. 
The design of the system was intended to allow for the measurement of extremely low light 
intensities, given that the sample underwent heating over a pre-defined interval. A large 
diameter (24 mm) collimation lens, with a focal length of 35.4 mm was used to collect 
emission spectra from the heated samples. A Czerny-Turner spectrograph, utilizing a 600 µm 
core diameter was used for transferring the collected light. A grating groove of 150 g/mm to 
follow the dispersion of the spectra was used. The grating groove had the capability of 
producing a spectral bandwidth of 400 nm and spectral resolution of 0.4 nm. A high 
sensitivity cooled charge detector (CCD) of Andor Technology (Model iDUS DU401) was 
used to acquire the spectral information. The CCD was characterized by a pixel array of 1024 
x 128, a pixel size of 26 x 26 µm, as well as a quantum efficiency above 95% within visible 
region (550 nm). The total dark current stands at 0.001 electrons/pixel/second, when the CCD 
is cooled to -80 oC. Our observation of the system light suggest that it can be compared to a 
conventional photomultiplier tube. A double layer copper cylinder, with a glass wood 
insulator, was used to shield the heater chamber was for purposes of reducing heat loss from 
the heater ceramic. The heater ceramic’s heat capacity and heat conductivity of 900 W and 
100 W/(m K) respectively, allow maximum heat transfer to the sample. For purposes of 
ensuring accurate measurement of temperature, an external type K temperature probe fixed at 
the top of the sample was used. The sample’s and CCD’s temperatures sing a customized 
automation software were recorded and controlled, which was ran by a personal computer 
(PC) using LabView.  
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Both control and irradiated samples were placed in the heater and heater chamber in 
turns, with N2 being used to purge the irradiated sample to rid it of water vapor as well as to 
prevent it from being oxidized. The samples were heated at a temperature rate of 1.5 
oC/second, and record the emission spectra for a duration of 250 seconds. The CCD in the 
Photon Accounting mode was used, and accumulated the data at 5 x the shutter duration of 
150 ms. In this regard, 1 sec/oC was not only the time that a single acquisition took, but also 
the time taken to stabilize the sample temperature. Correction of the emission spectra for 
background emission was obtained, ceramic heater blackbody radiation, as well as CCD 
quantum efficiency.  
 
4.2.7  Peak Temperature 
The results of the glow curve study for samples P1 and P2 are shown in figures 23 
and 24 respectively. The deconvolved results for P1, as shown in figure 23, indicate that the 
sample is characterized by two peaks – the lower peak (peak 1) and the maximum peak (peak 
2). The lower peak attains a maximum yield at a temperature of 234.8 oC, which matches the 
use of the Arrhenius equation with an Ec of 0.4567 eV. The upper peak of P1 on the other 
hand attains maximum yield at a temperature of 328.5 oC, and which coincides with an Ec of 
0.5035 eV.  
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Figure 23: Glow Curve Deconvolution Analysis for the Oxygen-Rich Sample (P1) 
  
In the case of P2, the results shown in figure 24 suggest that the sample is characterized by a 
single peak, which attains a maximum yield at a temperature of 315.6 oC, and which 
coincides with an Ec of 0.5377 eV. Figure 24 illustrates the results of sample P2. 
 
Figure 24: Glow Curve Deconvolution Analysis for the Oxygen-Deficient Sample (P2) 
4.2.8 Spectral Analysis 
 The preform samples (P1 and P2) were analyzed using the customized spectrograph. 
The results of the analysis are presented in figure 25.  
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Figure 25: Results of the spectral analysis of samples P1 and P2. The figure illustrates the total intensity emitted from 
samples P1 and P2, Sample P2 is characterized by an additional peak at 5.4 eV. Furthermore, the intensity of P2 is 
about 12 times that of sample P1. 
 The results indicate that sample P2 has an intensity that is about 12 times that of 
sample P1. It is possible to have a complete interpretation for purposes of calculating the 
defects concentration as shown in table 9. 
Table 9: The Defects Concentration of Samples P1 and P2. The value of Ndef, α and W obtained from absorption 
measurement, as calculated by Siti Shafiqah et al. (2015). 
 
Sample/Preform 
 
Peak Energy (eV) 
 
Absorbance, ∝ (cm-1) 
Full-wave-half 
maximum, W (eV) 
Defect Concentration, 
Ndef (1 x 1015 cm-3) 
P1 6.9 1.101 0.471 3.83 
P2 5.1 3.492 0.565 14.63 
 6.8 2.174 0.844 13.61 
 
 The calculation of the defects concentration can be done using the Smakula formula 
(Smakula, 19930; Afanasyev-Charkin et al., 1999), and which holds as follows:  
𝑵𝒊𝒇 = 𝟖. 𝟕 ×  𝟏𝟎𝟏𝟔
𝒏
(𝒏𝟐+𝟐)𝟐 ∝𝒎  𝑼       … (7) 
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where, Ni is number of defects, ƒ is the oscillator strength of the optical transition, η is the 
refractive index of the sample, α is the height of absorption coefficient of the peak and U is 
the band width (FWHM). 
 The results indicate that the TL yields and defect concentrations have a linear 
proportionate relationship, and thus occasions a prediction of an increase in the TL signal that 
is 3-4 fold. As evident in figure 25, the TL emission is characterized by a 4-4.5 eV energy 
level, indicating light whose wavelength is 290 nm, in accordance with the deep trapping 
levels  presented in tables 8 and 10 as well as figure 21 (Khanlary et al., 1993).  
Table 10: Some of the commonly reported luminescence bonds present in quartz and silica, as published by Khanlary 
et al. (1993). Potential defect models are indicated. 
 
 
 Figure 26 illustrates the TL emission spectrum of P1 as a contour plot of temperature, 
TL intensity, as well as energy.  
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Figure 26: Emission spectrum contour of plot sample P1. The right side of the figure shows the sample’s relative heat 
or its associated TL intensity. 
  
 As shown in figure 26, the emission maximum of the main dosimetric peak falls 
between 3.9 eV and 4.5 eV, with an additional evidence of the existence of several bands at 
energies beyond 6 eV. The results from the plot (figure 26) indicate that the peak maximum 
at the 3.90 eV energy level is commensurate with a sample temperature of 187.7 oC. An 
observation is also made of two more peaks whose intensities are lesser at energy levels of 
4.37 eV and 4.60 eV. An observation of a continuous TL emission is made at the energy level 
of 4.20 eV, with temperatures exceeding that of the emission at a minimum of 187.7 oC and 
maximum of 400 oC. A defect analysis conducted by Skuja (1998) had identified the 
emission energies to have a relationship with the oxygen vacancy and divacancy, which are 
associated with Si ODC (II), Ge ODC (II), B2(Si), and B2(Si).  
 Figure 27 illustrates the results of the TL emission for sample P2, and indicate that 
emission spectrum associated with sample P2 ranges between energy levels 4.2 eV and 5.2 
eV, with an extra high energy band at 6 eV.  
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Figure 27: Emission Spectrum Contour plot of Sample P2. 
 The peak maximum form sample P2 was established at 4.94 eV. In addition, the 
intensity of P2 was found to be greater compared to that of P1. Nevertheless, important to 
note is that the peaks of sample P2 begin to emit at a temperature of 368 oC, which is 
relatively higher, and which corresponds that associated with the conventional glow curve 
measurement. Based on the results of defect analysis presented in Table 8, there is evidence 
to suggest that there is a relationship between this emission energy and the oxygen divacancy, 
which belongs to B2(Si) and B2(Ge).  
4.2.9 Cases of Silica Beads Irradiated by an Am-Be Neuron Source 
 With the foregoing underpinning information, investigation of the potential of doped 
silica media for developing versatile thermoluminescence dosimeters continued, with a 
particular focus on neutron detection capability. In doing so, hollow silica beads, with a 1 mm 
diameter were adopted, and which have previously been adopted by Jafari et al. (2014a, 
2014b, 2014c) for photon TL dosimetry. Figure 28 shows the preliminary depth-dose 
distributions that obtained from an Americium Beryllium (Am-Be) neutron source placed in a 
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water tank. While keeping the beads threaded onto a nylon filament, thin in size, the string of 
beads was suspended directly over the neutron source, whose activity was 17.6 GBq, and 
allowed a neutron emission rate of 62.6 n/s/MBq. The distance between the source surface 
and the nearest bead was kept at approximately 0.6 cm, with the rest of the 168 equi-spaced 
beads being placed at as far as approximately 20 cm away from the source surface. The 
exposure of the arrangement to the source lasted for a duration of 10 days, with beads 
undergoing sensitivity corrections from a photon irradiation to a standard dose. Detailed 
description of the calibration was produced in a previous publication (Jafari et al., 2014b). 
The utility of getting dense spatially resolved detection of the neutrons at unsurpassed 
spacing is demonstrated in figure 28. A general agreement was obtained in shape using the 
Monte Carlo simulation, as described by Yury Zevallos-Chavez and Bugno Zamboni (2005).  
 What seems to be an intriguing feature of our measurements, and that which is yet to 
be explored further, is the observed instances of variation in the otherwise uniform downward 
trend in the data. A prominent instance was the variation near a source to detector separation 
of a distance of 5 cm. Through the use of Monte Carlo simulation, sharp peaks are 
established, which are re-obtainable at similar points as those of the measured data, as 
indicated in figure 28.  
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Figure 28: Depth-dose distribution in an Am-Be neutron source. (a) 1 mm spatial resolution depth dose distribution 
from the Am-Be neutron source; (b) A visual impression of the Monte Carlo simulation’s mathematical model; (c) 
Neutron source spectrum; (d) the MCNP Monte Carlo simulation’s 3 independent runs. 
Although further investigations are ongoing, it is worth noting that the particular MCNP code 
adopted for the simulation of our experiment did not factor in diffractional phenomena or 
take into account the 59.54 eV gamma rays that emanate from the 241Am source following 
alpha emission. The 59.54 eV gamma rays associated with the 241Am source contributed to 
the observed differences in intensity.  
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4.2.10 Conclusion 
 Using two samples of oxygen-rich (P1) and oxygen-deficient (P2) preforms, an in-
depth overview of the physics upon which investigations of thermoluminescence of irradiated 
doped silica media are anchored has been produced. In particular, the band gap model and the 
defects that occasion the TL phenomenon are described in a detailed manner. The 
observations suggests the existence of a correspondence between the doped silica’s model 
system, as documented in literature, and our empirical measurements of the emission 
spectrum and glow curves from the doped silica preforms, as described in the current work. 
The scope of the current work is also extended to include a demonstration of the versatility of 
the silica media by taking TL measurements from a neutron source dipped in a water tank, 
with a view to establishing the unsurpassed spatial resolutions that can be obtained with such 
dosimeters. 
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4.3 Characterisation of an isotopic neutron source: A comparison of 
conventional neutron detectors and micro-silica glass bead 
thermoluminescent detectors 
The content of the following section has been published in the journal “Radiation Physics and 
Chemistry” Y.M Abubakar et. al., M.P. Taggart, A. Alsubaie, A. Alanazi, A. Alyahyawi, A. 
Lohstroh, A. Shutt, S.M. Jafari, and D.A. Bradley. 2017. Volume 140, November 2017, 
Pages 497-501, “Characterisation of an isotopic neutron source: A comparison of 
conventional neutron detectors and micro-silica glass bead thermoluminescent detectors” 
(Appendix C). The right to include the article in any thesis or dissertation has been obtained 
during assignment of copyright with the publisher. Also, the right to include this work in this 
thesis has been obtained from the co-authors. My major role in this work centred around 
samples preparations for proton and neutron irradiation, results analysis together with 
participation in the interpretation of the results and writing of the manuscript. 
4.3.1 Introduction 
 Achieving mm spatial resolution by mapping mixed radiation fields using 
conventional glass-based neutron detectors is a challenging undertaking. However, 
developing an in-depth knowledge of various radiation intensities as a consequent of the 
location of the environment enveloping neutron sources is of the essence if such sources are 
to be utilized as characterization tools. Therefore, in the present work, the potential of using 
thermoluminescence response of 1.1 mm diameter micro-silica glass beads for purposes of 
mapping the radiation field occasioned by an Am-Be neutron source dipped in a water tank 
was explored.  
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 When convoluted through moderation and increasing of the distance from the source, 
Thompson and Tylor (1965); Anderson and Neff (1972); Lorch (1973); as well as Caehlo et 
al. (1989) have reported that the neutron emission energies occasion peaks in the distribution 
of the neutron capture cross section. In fact, this phenomenon has been corroborated by 
previous studies conducted by Mathews (1979); Nicolaou (1983); and Taggart (2007). As 
reported by Jafari et al. (2014a), a far finer ΔE (neutron) sensitivity is obtainable with the ∼1 
mm sized dosimeter than with alternative techniques. While the energy response of 
conventional gas detectors is properly documented in existing literature, Jafari et al. (2014c) 
have previously reported on that of glass beads.  
Most of the previous work, including those by Chang and Timmerman (2007) and Teoh et al. 
(2011), have been focused on investigating the effectiveness of dosimeters for application in 
radiation dosimetry, and with a specific emphasis on the need to develop dosimeters with 
small dimensions vis-à-vis the radiation field dimension (Bjärngard et al., 1990; Higgins et 
al., 1995; Fracesco et al., 1998; Sauer and Wilbert, 2007; Aspradakis et al., 2010; Jafari et al., 
2014a). However, most of the recent studies have shifted focus by investigating the potential 
of a mixed radiation field, as was the case in Bradley et al. (2016) as well as in the current 
study. The intention to observe this point is informed by the understanding that the glass 
beads’ response cannot be a function of neutron interactions per se, as a substantial gamma 
factor is expected to make a significant contribution to the TL yield, even though the γ 
efficiency remains extremely low for the comparative gas detectors as noted by Reilly et al. 
(1991) and Kouzes et al. (2009).  
2. Experimental Setup 
 The experiments were undertaken using a mono 11 GBq Am-Be source (Ziegler, 
2007), which was available at the University of Surrey, as described in figure 29.  
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Figure 29: Neutron tank setup and detectors positions for vertical measurement study. While both the glass beads 
and gas detectors were depicted in a similar position, their measurements were undertaken separately. 
The glass beads were submerged in the water contained in the water tank. The vertical gas 
detectors (i.e. the 3H and boron trifluoride) on the other hand were enveloped within an air-
tube. Instead of preferentially selecting fast neutrons by displacing the moderating water, the 
high-voltage supply was protected by raising the air-tube using the detector. The gas detector 
was powered with an Ortec 710 PSU, holding the 3He tube and the BF3 detector at 1200 V 
and 1800 V respectively. Respective detector outputs were led into an Ortec 142A 
preamplifier and an Ortec 672 spectroscopy amplifier was feted, with each tube being 
assigned a shaping time of 3 µs. The Ortec Maestro program (Ortec, 2016) provided online 
monitoring. Using the Root framework (Brun & Rademakers, 1997), a customized code, with 
which was performed offline analysis was builted. 
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4.3.2  Surface Scan 
 The initial measurements were aimed at investigating the gas detectors scanning 
response across the neutron tank’s surface. As evident in figure 30, both detector systems are 
characterized by a similar response curve peaking regarding the source location.  
 
Figure 30: Scans across the neutron tank’s surface with the gas detectors. The maximum intensity appears above the 
Am-Be source. 
 However, the 3He tube provided a relatively greater neutron reaction, which permitted 
the generation of neutron count that proved more statistically reliable. Nevertheless, it was 
found both detectors to have comparatively poor spatial resolution, with the active volume of 
the 3H tube and the BF3 being 76 cm3 and 152 cm3 respectively. These findings are 
commensurate with a spatial “bite” of approximately 2 cm within the horizontal surface 
plane. Besides performing detector measurements, data were repeatedly recorded set using a 
cadmium sheath, so as to reduce the effect of thermal neutrons. However, the cadmium 
sheath-based analysis proved statistically unsound in the case of the BF3 detector, and hence 
the BF3 results obtained through this analysis were excluded from this analysis. 
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4.3.3 Depth Measurement 
 The 3He detector was used to measure depth comparison. This was necessitated by the 
fact that the BF3 tube is characterized by a limited resolution, and thus was not suitable for 
the depth comparison measurements. A substantial “energy bite” was observed for every data 
point, courtesy of the gas detector’s relatively large active area. The substantial “energy bite” 
observed in this experiment justifies the poor spatial resolution that characterizes the 
conventional neutron detectors. However, this confirmed the availability of spectroscopy in 
this instance. In addition, it was observed that measurements improved due to the 
significantly reduced gamma interaction component. Similarly, cadmium-sheathed have 
measurements were also undertaken on the surface measurements.  
4.3.4 Glass Beads 
 Figure 31 shows a sample of the ∼1.1 mm diameter glass beads were used in this 
study. Before irradiating the glass beads, preparation in accordance with the procedure 
outlined by Jafari et al. (2014b) was made.  
 
Figure 31: individual hollow glass beads. 
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The individual beads were subjected to annealation at 400 oC for a period of 1 hour with a 
ramp rate 10 oC/minute and a cool down rate of 1 oC/minute, so as to rid them of any 
historical record of irradiation, and thus ensure the provision of a clean dosimeter. The 
annealed samples were consequently maintained at 80oC for duration of 16 hours. In their 
previous measurements, Jafari et al. (2014b) had confirmed that annealation does not impact 
on the radiation response of the glass beads.  
 Three independent strings of glass beads were suspended directly above the neutron 
source as illustrated in figure 29, while ensuring a gap of approximately 31 mm between the 
glass beads at the bottom and the neutron source, with each of the three strings of beads 
containing a total of 370 individual hollow beads (see figure 31 for examples). The beads 
were threaded onto a nylon filament for an estimated length of 410 mm. Then irradiation of 
the glass bead samples using the 11 GBq Am-Be source for a period of 14 days was acquired. 
This corresponds to a neutron fluence of about 9.5 k neutrons per seconds per square 
centimeter for closer beads down to approximately 1.2 neutrons per seconds per square 
centimeter at the maximum length of the bead string.  
 A Toledo 654 TLD reader from the University of Surrey was used to measure the 
bead sets in the post-irradiation phase. The measurements in this regard were anchored on the 
technique provided by Jafari et al. (2014b). Before undertaking the measurement, the risk of 
the rapid fading of the TL material was eliminated by storing the irradiated glass beads in a 
dark environment as well as allowing the beads to undergo stabilization (Jafari et al., 2014c).  
4.3.5 Calibration 
 A previous publication by Jafari et al. (2014b) has demonstrated that individual glass 
beads exhibit better uncertainty in response compared to other conventional TLD materials. 
According to Jafari et al. (2014b), and indeed as confirmed in by us, glass beads are 
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characterized by a variation of approximately 8%. This variability corresponds with the 
estimated 15% variability associated with the LiF TLDs, as reported by Jafari et al. (2015). 
Despite the current lack absolute reference before performing the calibration, as suggested in 
the conclusion with respect to further work, it is worth pointing out that the data variation as 
illustrated in figure 33 concurs within uncertainty, and thus look forward to the same yields 
from the individual glass beads, with an exception of the peaks.  
4.3.6  Monte Carlo Simulation 
 The Am-Be source’s mixed radiation field together with the dual neutron-gamma 
response of the dosimeter makes deconvolution of respective components a necessity. Using 
the general Monte Carlo N-Particle transport code, MVNPX proposed by Hendricks et al. 
(2008), a simulation was developed, during the modulation of the neutrons’ passage via the 
pure water shield. In a previous work by Bradley et al. (2016), this simulation procedure, 
which is based on preliminary mathematical model, had been discussed extensively. A 
number of assumptions were made regarding the Am-Be source, including a neutron energy 
spectrum being emitted by the Amersham source calibration data as well as the construction 
of an internal source based on an Am-Be layered structure.  
4.3.7 Results and Discussion 
 As indicated in figure 30, the surface scanning measurements suggest slight variations 
in neutron yield over the water tank’s surface, with some greater than 20 cm being deemed 
necessary for exhibiting a two-fold reduction in count rate, which is not an unreasonable 
outcome, as far as classical trigonometry is concerned. As evident in figure 32, there is 
evidence of the vertical depth measurements in both the 3He tube and the glass beads.  
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Figure 32: Vertical Depth Measurements for the 3He Tube and the Glass Beads. 
These measurements indicate the cumulative effect of the geometric range of data as well as a 
reduction in the moderation of neutron. Measurements for the 3He detector using a ∼1.1 mm-
thick cadmium sheath were taken, the results which indicate a predicted fall in count rate as a 
result of the resonances associated with the neutron capture cross section as the energy range 
transit from the fast region and the neutrons undergo thermalization.  
 The vertical measurements presented in figure 32 suggest a similar trend of falling 
count rate with rising distance to the neutron source for every experimental data set and the 
simulation. However, it is possible to observe far finer structure courtesy of the glass beads 
greater spatial resolution. The energy regions that the numerous glass beads encounter are 
simultaneously integrated by the gas detectors. This therefore confirms the glass beads’ 
superior performance, in terms of providing greater spatial resolution.  
 In addition to the observed apparent energy sensitivity, further observations can be 
made through a closer examination of the glass bead data presented in figure 32 as well as the 
measurements of the additional bead string presented in figure 33. The glass bead dosimeters 
seem to exhibit an apparent lower level plateau region, a phenomenon that is not noticeable in 
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the case of the gas detectors. This therefore depicts a lower energy limit, and the glass beads 
may become insensitive when operated below such energy limit. It is found that such distance 
is commensurate with a distance of about 23 cm from the neutron source. The characteristic 
energy and dose limitations of the glass bead dosimeters have previously been described by 
Jafari et al. (2014c).  
 
 
Figure 33: Abridged TL Yield Associated with a Mixed Radiation Field. 
However, the quasi-regular spikes present in the TL intensity, and which are reproduced 
during the simulation, is perhaps the prominent feature of the glass bead spectra. The 
similarity observed between the TL intensity spikes attributed to the dosimetric data sets is 
not enough grounds to arrive at the conclusion that the peaks of the Am-Be neutron energy 
spectrum is the origin of the feature (Thomson & Taylor, 1965; Anderson & Neff, 1972; 
Lorch, 1973; Coehlo et al., 1989). Therefore, as noted by Lorch (1969) and Wright (1994), it 
must stated that some other phenomena are involved in determining the origin of the feature, 
or that such origin is potentially a function of a neutron-induced charged-particle reaction, 
such as (n,α) or (n,p). In a previous discussion, Jafari et al. (2014c) had identified silicon 
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(33.62% by weight), oxygen (42.18% by weight), and Sodium (10.55% by weight) as the 
primary components of the elemental composition. Kim et al. (2013) had reported that the 
dominant neutron interaction associated with every element containing the glass beads is 
elastic scattering in nature, a phenomenon was observed in all the energy range investigated, 
and most of which corroborate the theory that the elastic scattering associated with the 
dominant neutron interaction is caused by high Q-values.   
 Before the Am-Be source adopted for our investigation was installed (Ziegler, 2007), 
Bradley et al. (2016) had carried out a similar measurement using two Am-Be sources placed 
approximately 20 cm apart, although with a relatively different configuration. Therefore, 
based on the previous studies, independent contribution from every individual source is 
expected. However, due to the lower spatial resolution (Nicolaou, 1983; Taggarat, 2007), the 
possibility of observing the spikes was less likely. The less likelihood of observing the spikes 
may also have been due to the potential effect of integrating contributions from the two 
neutron sources submerged in the water tank as reported by Bradley et al. (2016).  
4.3.8 Conclusion and Further Work 
 Work is in progress to determine the potential of the commercial glass beads for 
dosimetric applications. However, with the little investigations so far, there has been 
evidence to suggest that these beads bear significant dosimetric features with regard to the 
neutron tank. Four areas that further work must address immediately with respect to this work 
were suggested. They include the following: 
i. The need for secondary calibration through the Am-Be “halo”. 
ii. The need to optimize the sophistication of Monte Carlo simulation. 
iii. The need to evaluate the relative n/γ bead sensitivity by undertaking repeated 
measurements involving additional lead shielding. 
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iv. The need to evaluate the relative fast/thermal neutron sensitivity through cadmium 
shielding. 
  The “halo” configuration is intended to ensure a constant source-bead distance, and 
thus makes it possible for all the glass beads to receive the mixed radiation field dose in an 
equal manner. It is possible to uncover the possible source(s) of the “quasi-regular” spikes 
based on the experiments have been performed in the present study. For example, in instances 
of neutron-induced charged-particle reactions, a change in position regarding future 
simulation would be expected. Similarly, where a reaction is the source, the presence of the 
“halo” configuration spikes was predicted. 
The following three chapters present a full study in radiation dosimetry. Single-wall carbon 
nanotubes (SWCNTs) were formed in a buckypaper to represent human tissue for radiation 
dosimetry application. The results show promising prospects on the novel methodology used 
that was applied on SWCNTs. 
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Chapter 5 
5 Carbon Nanotubes Buckypaper Radiation Studies for Medical 
Physics Applications 
 
Most of the content of this chapter has been published in the journal “Applied Radiation and 
Isotopes”: "Abdulaziz Alanazi et al., 2016. “Carbon Nanotubes Buckypaper Radiation 
Studies for Medical Physics Applications" Volume 117, November 2016, Pages 106-110, 
(Appendix D). The right to include the article in any thesis or dissertation has been obtained 
during assignment of copyright with the publisher. 
5.1.1 Introduction 
As discussed in the review of literature (see  3.9.5) passive dosimeters with a Zeff similar to 
tissue-equivalent are needed. In the following two chapters, the use of single-wall CNTs were 
made use of to demonstrate their ability to perform as a passive dosimeter with Zeff similar to 
soft tissue. 
5.1.2 Carbon Nanotubes 
Since CNTs were first reported upon by Iijima in the early 1990s (Iijima 1991), the properties 
of carbon nanotubes were investigated intensively and have been considered for many 
potential applications, such as chemical sensors (Kong et al., 2000, Moradi et al., 2013, Penza 
et al., 2010, Wongchoosuk et al., 2010, Zhao et al., 2005), biosensors (Balasubramanian and 
Burghard 2006, Koehne et al., 2004, Li et al., 2003, Timur et al., 2007, Wang 2005), field-
emission displays (Choi et al., 1999, Kuznetzov et al., 2010, Lee et al., 2001, Saito 2010, 
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Talin et al., 2001),  memory storage (Ganguly et al., 2005, Lu and Dai 2006) and hydrogen 
storage (Liu et al., 2010, Ranjbar et al., 2010, Yang et al., 2010). The specific structure of the 
atoms forming the carbon nanotubes gives interesting physical and chemical properties such 
as electric and thermo conductivity.  Carbon nanotubes, CNTs, can be described as a beehive 
sheet bended to form a cylinder and the two ends of the cylinder are open or can be closed 
with a semicircle lid. This cylinder-like form can be shielded by other cylinders with open 
ends to form a multi-wall carbon nanotubes structure (MWCNTs). Figure 34 displays single 
and multi-wall carbon nanotubes with open ends. The dimensions of the structure, just 
described, are of the range of nanometers. The diameters range from a few nm to 30 nm and 
the length of the tubes can go up to ~ 1 µm (Iijima 1991).  These dimensions can vary 
depending on the method of growth and the procedure parameters (Arjmand et al., 2016, 
Nihei et al., 2003, Yazyev and Pasquarello 2008). 
 
Figure 34: The structure of Single-Wall Carbon Nanotube, SWCNT, is displayed to the left-hand side while the 
Multi-Wall Carbon Nanotubes structure is displayed to the right (Choudhary and Gupta 2011). Licence: 
http://creativecommons.org/licenses/by-nc-sa/3.0/ 
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5.1.3 Buckypaper Samples 
Carbon nanotubes are made from and provided in the form of powder. To enable them to be 
used as a passive radiation dosimeter, they need to be made in a way where they can be 
handled and used safely. To obtain that, a Buckypaper, can be made from the carbon 
nanotubes powder. The Buckypaper, illustrated in figure 35, can be handled and used as a 
paper. The size of the Buckypaper can be controlled depending on the application and the 
interest prompting dose measurements. The thickness of the Buckypaper can be varied from 
about 10 to 100 micrometres. 
 
Figure 35: Samples of Buckypaper of different thicknesses have been prepared and developed in the Nanomaterial 
and Structure Lab at the University of Surrey. 
 
Different qualities of single-wall carbon nanotubes, SWCNTs, were purchased from the 
company Unidym in the form of powder, Raw SWCNTs, Pure SWCNTs, and Super Pure 
SWCNTs. Triton X-100 has been used as a surfactant. A magnetic stirrer was used to 
maintain a suspension of the surfactant on the deionised water. The membrane filters, MCE 
MF-Millipore plain white, 0.22 µm pore size with diameter of 47 mm, were purchased from 
Fisher Scientific Company to filter and accumulate the CNTs. A tip sonication, Branson–
Sonifier 150, was used for dispersion of the mixture. 
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5.1.3.1 Preparation of the Dispersion of SWCNTs and Buckypaper 
As there were different purifications of SWCNTs, various concentrations of the surfactant 
and SWCNTs were used for each quality. Different concentrations of CNTs require different 
quantities of the surfactant. In this study the ratio by weight was the reference in the 
calculations. The optimum surfactant to CNT ratio was found to be 5:1 to 10:1 by weight 
(Islam et al., 2003). In this work 10:1 surfactant to CNT ratio was used to prepare all the 
samples and the amounts of CNT were from 0.03 g to 0.140 g depending on the purity of the 
CNTs. 
Dispersion of Triton X-100 in deionised water was prepared to suspend the single wall 
carbon nanotubes homogeneously. Measured quantities of the Triton X-100 and deionised 
water were added to a flask and a magnetic stirrer was used to stir the mixture. The dispersant 
bottle was placed in a cold bath, at a temperature from 3 to 6 𝐶𝑜, and a tip sonication, 
Branson – Sonifier 150, illustrated in figure 36 (a), was used for 30 minutes with a power 
range from 17 to 20 watt to mix and disperse the solution.   
 
Figure 36: (a) A tip sonication, Branson – Sonifier 150, (b) Eppendorf Centrifuge 5702. 
Subsequent to the dispersion process a simple visual verification is conducted to check the 
homogeneity of the sample. If the sample is observed to include particle aggregation, further 
centrifugation can be applied, use being made of the Eppendorf Centrifuge 5702, illustrated 
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in Figure 36 (b). The solution then can be filtered by the use of the filtration system as shown 
in figure 37. The resultant mixture, a black solution as illustrated in figure 37 (a), is poured 
into an open-ended flask that is closed by a glass stopcock. Use is made of a membrane filter, 
MCE MF-Millipore plain white, 0.22 µm pore size with diameter of 47mm, as illustrated in 
figure 37 (b, c, and d). The glass stopcock is linked to a vacuum pump to allow the solvent to 
be drained from the flask. This draining will lead to an accumulation of the carbon nanotubes 
suspended in the solution. This in turn enables the filter to form a disk-like membrane, the 
thickness of which depends on the concentration of carbon nanotubes in the mixture. The 
diameter depends on the membrane filter, which is 47 mm in our case. 
 
Figure 37: The preparation of buckypaper in the Material Processing Laboratory at the University of Surrey, ( a)  
the mixture before dispersion takes place, (b) the glass stopcock, (c) the filtration system setup,(d) ) removal of  the 
air bubbles from the solution. 
    a) The mixture before dispersion taken place                 b) The glass stopcock 
  
c) The filtration system setup.             d) Removal the air bubbles from the solution            
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Before the vacuum pump can be turned on, the solution needs to be cleared of any air bubbles 
left in the solvent.  Then the vacuum pump is turned on and the solvent takes up to several 
hours to be drained from the flask depending on the concentration of CNTs in the mixture. 
When all the solvent is drained, the membrane filter is removed from the system and left to 
dry. After the Buckypaper is dried, the accumulated carbon nanotubes (as illustrated in figure 
35) can be peeled away from the membrane filter. The buckypaper now is ready to be used 
and can be cut into different sizes depending on the TLD Reader sample holder. In the 
current case, the sample holder can accommodate sample sizes of 5 × 5mm or less. 
5.1.4 Thermogravimetric Analysis, TGA 
During thermoluminescence readout both the CNTs and Silica Fibre undergo a heat cycle. As 
such a thermal stability test for the two materials is required.  This can be conducted by use 
of the Thermogravimetric Analysis Unit at the University of Surrey Nanomaterials and 
Structures Lab. Thermogravimetric analysis (TGA) is an analytical technique that examines 
the change of material mass as a function of temperature. The TGA consists of a high 
precision balance that can detect mass change up to 0.1 µg. The temperature of the TGA 
furnace can reach up to 2000 °C and the ramp temperature can be controlled depending on 
the experiment requirement. The balance in the TGA consists of a small pan, figure 38 (b) 
which after being loaded is to be placed inside the cylindrical furnace. The pan can be loaded 
by a small amount of sample, about 1.0 g (Fig. 38a). The test can take a couple of hours 
depending on the temperature ramp and the maximum temperature that has been chosen. 
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Figure 38: The Thermogravimetric Analysis Unit, (a) Cutting the Buckypaper to small pieces, (b) The small Pan 
ready to be loaded, (c) The cylindrical furnace and the pan. 
The heating process in the furnace can take place either under a controlled flow of nitrogen or 
it can simply be run in air, depending on the experimental purpose and requirements. In our 
case both conditions have been applied. Of note is that the carbon nanotubes have high 
stability compared to many other materials when exposed to heat and can be heated up to 600 
ºC in air without oxidation (Pang et al., 1993), and with no change in mass up to 1200 ºC 
under nitrogen flow. However, this is not the case when dealing with buckypaper as it 
consists of CNTs and surfactant, which in our case has been Triton X-100. The surfactant 
used to form the buckypaper is known to be affected by high temperatures. The diagram 
below, figure 39, shows the percentage change in weight when Raw-CNTs-Buckypaper has 
been exposed to temperatures up to 800 ºC . 
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Figure 39: Thermogravimetric analysis diagram for Buckypaper made of Single-Wall Carbon Nanotubes. 
The blue line illustrates the change in mass when the sample is heated under nitrogen flow. 
The red line illustrates the change in mass when the sample is heated under air-flow. As can 
be seen from figure 39, the change in mass starts at 100 ºC , becoming pronounced after 200 
ºC , both with and without nitrogen. The mass of Single-Wall Carbon Nanotubes Buckypaper 
under the flow of air, depicted by the red line, shows a dramatic decline after 200 ºC , about 
68.94 % of the mass being lost at 400 ºC . Since as previously mentioned, CNTs are stable 
showing no loss of mass up to 600 ºC  in air (Pang et al., 1993), this decline cannot be 
attributed to the change of mass in CNTs, being only attributed to the loss of Triton X-100. 
For increase in temperature of carbon nanotubes, the loss of weight from the sample is caused 
by oxidation of carbon into the gaseous phase, i.e. carbon dioxide. This can be noticed in the 
first stage of the graph. However, the graph shows a slight growth in weight above 450 ºC , 
caused by oxidation of the remaining metallic catalyst into the phase of solid oxides.  
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The change in mass with increase in temperature is far less when nitrogen gas is applied to 
prevent oxidation. When applying nitrogen, as shown in the blue line, there is an observed 
loss of mass with increase in temperature from 200 to 400 ºC , the mass then remaining 
steady up to 750  ºC . The total loss of mass from the Buckypaper was measured to be 
23.49% under the flow of nitrogen compared with 68.94% loss of mass under the flow of air. 
The loss from Buckypaper in both experiments can be attributed to oxidation of the Triton X-
100. This has been confirmed by examining the TGA graph of Triton X-100 (Fig. 40). 
 
Figure 40: Thermogravimetric Analysis graph for Triton, illustrating the change in mass when the temperature is 
increased from room temperature to 600 ºC under the flow of nitrogen. 
As can be seen in the graph, the loss of mass as illustrated by the red line shows dramatic 
increase when the temperature increases from room temperature to 120 ºC . The mass then 
remains constant from 120 ºC to almost 300 ºC . However, beyond 300  ºC  the loss of weight 
increases sharply, with less than 3% of the mass remaining in the pan when the temperature 
exceeds 400 ºC . 
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Figure 41: Thermogravimetric Analysis graph for Triton illustrating the change in mass when the temperature is 
increased from room temperature to 600 ºC under the flow of air. 
The TGA of figure 41 represents the situation for Triton in the absence of the nitrogen flow 
that would inhibit oxidation of the sample. The red line illustrates the decrease of mass when 
the temperature is increased from room temperature to 600 ºC . As can be seen, in air the 
Triton shows a gradual decrease in mass when the temperature increases from room 
temperature to 120 ºC . Beyond 120  ºC , up to 220  ºC  the mass remains steady. However, 
beyond this the graph shows a rapid decrease in the mass when the temperature exceeds 250 
ºC , with practically nothing left in the pan when the temperature reaches 500  ºC .  
From the literature and from the experiments conducted in this study, the loss in mass from 
the Buckypaper samples when exposed to elevated temperatures can be estimated, up to 600  
ºC, is due to the mass loss of the Triton X-100 surfactant used to disperse the CNTs in 
preparation of the Buckypaper samples. As such, in order to use Buckypaper for 
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thermoluminescence studies, the sample first needs to be exposed to such temperature 
elevations prior to irradiation. This will cleanse the sample of the Triton X-100. 
5.1.5 Radiation Sources and System/Sample Set-up 
A radioactive strontium-90 source, with a half-life of 28.8 years, decays by  β− into yttrium-
90, the latter having a half-life of 64 hours in decaying by β− into zirconium-90. The scheme 
in figure 42 illustrates the situation, including emission energies. 
 
Figure 42: Scheme of Strontium-90 decay (adopted from (Images SI Inc 2012)). 
 
As shown above the maximum beta energy is 0.546 MeV for the strontium-90 decay into 
yttrium-90. The yttrium-90 will decay to zirconium-90 releasing beta particles with mean 
energy of 2.28 MeV (Browne 1997). 
The various samples studied herein have been exposed to the strontium-90 source, as 
illustrated in figure 43. The source is retained within a plastic holder, contained within a 
leaded glass box to minimise the radiation hazard to users. CNTs and TLD-100 samples have 
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been placed in an aluminium tray. The aluminium tray is designed to hold samples of size 5 × 
5 mm. As there are different concentrations and quality of CNTs in the Buckypaper, the 
edges of the tray are labelled by numbers and letters to help identify the samples.  
 
Figure 43: Set-up for the beta irradiation source, 90Sr, the Buckypapers of size (5 × 5mm) and TLD-100 samples. 
Different Buckypaper with different purities and concentration were irradiated in this 
experiment. Raw single-wall carbon nanotubes, pure single-wall carbon nanotubes, and super 
pure carbon nanotubes were used to form the various samples of Buckypaper. The 
concentration of the CNTs in the dispersion used to form the Buckypaper was 0.1, 0.1, and 
0.05 gm for raw, pure, and super pure single-wall carbon nanotubes respectively. These 
quantities were dispersed in 100 ml of deionized water through the use of Triton X-100. The 
three samples received a dose of 2 Gy each. 
5.1.6 Results and discussion 
5.1.6.1 Raw Single-Wall Carbon Nanotubes 
Figure 44 illustrates the thermoluminescence (TL) signal from the buckypaper prior to any 
treatment, it being noted that in this instance the Buckypaper was not annealed post-sample 
production, the background signal therefore representing inherent defect occupied as a result 
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of issues such as strain and lattice dislocations. A time-temperature profile has been selected 
for the TLD reader, the set-up chosen for present measurement providing a ramp-rate of 6.5 ° 
C per second post pre-heat of 165 ° C, with each channel number equivalent to a temperature 
increment above 165 ° C of 1.65 ° C. 
 
Figure 44: TL from Buckypaper (sample size 5 × 5 mm) raw SWCNT dispersed in 100 ml of deionized water using 
Triton X-100. The results show TL yield post pre-heat of 165 ° C (Channel Number 0), the temperature subsequently 
ramping up at 6.5 ° C per second to a maximum of 330 ° C at channel Number 100. 
This measurement was required in order to enable comparison between the TL yield from a 
fresh unirradiated sample that had not been subject to any heat treatment and the TL yield 
from a sample treated with heat during an annealing or readout process. The sample consists 
of 0.1 g Buckypaper (sample size 5 × 5 mm) raw SWCNT dispersed in 100 ml of deionized 
water using Triton X-100. The multiple-peak signal profile is presumed to be a result of 
random defects created during the preparation of CNTs buckypaper samples, ranging from 
the superficial to deeper defects, reflected in the temperature required to enable release 
trapped electron and lattice relaxation. This is supported by the fact that following annealing 
of the sample, the signal profile changes dramatically, the TL yield reducing by a factor of 18 
(Figure 45). The figure shows two profiles, one for the TL yield from an non-irradiated 
sample after annealing process (the lower line), and the other the TL yield (represented by the 
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prominent peak) from the sample following irradiation to a dose of 2 Gy, irradiated with the 
90Sr beta source. The TL signal from the irradiated sample shows a pronounced TL response 
compared to that in the absence of irradiation. The TL signal was improved by a factor of ~ 
21 over that of the unirradiated sample. The TL yield (the so-called glow curve) was found to 
be encompassed within the temperature range 180 to 250 ° C.  
 
Figure 45: The peak illustrates the TL yield from the raw SWCNT sample post-irradiation, while the lower line 
illustrates the TL from the unirradiated sample, post-annealing. 
Another experiment was made in examining for the presence of any TL signal not released 
during the first readout procedure. Figure 46 shows two curves, the peak illustrating the first 
readout and the lower line illustrating the second readout for the same raw SWCNT sample. 
From this, it is apparent that one heating cycle is sufficient to provide for complete de-
excitation of the irradiation sample.  
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Figure 46: The peak illustrates TL yield of raw SWCNT obtained following irradiation to a beta dose of 2 Gy, the 
lower line representing subsequent readout from the sample, demonstrating radical release of the trapped electron 
and lattice relaxation to have occurred. 
5.1.6.2 Pure and super-pure Single-Wall Carbon Nanotubes 
Similar measurements were conducted for the pure SWCNTs and super-pure SWCNTs. 
Figure 47 below illustrates the background reading for a fresh sample of the pure SWCNT 
that has not been exposed to radiation or heat treatment. The results are similar to that 
obtained for the raw SWCNT sample for both measurements, pre and post anneal. The TL 
yield from the annealed sample was practically identical to that provided by the raw SWCNT 
sample. However, comparing the irradiation raw and pure SWCNT samples, the magnitude 
of the TL signal for the same irradiation dose is lower for the pure SWCNT than that from the 
raw SWCNT. 
This reduction in TL signal is expected as the former sample has been purified of iron and 
other elemental components. The absence of such impurity has a clear effect in the TL signal 
as can be seen in Figures 45 and 46, compared with the signal obtained from the pure 
SWCNT buckypaper sample shown in Figures 47. 
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Figure 47: TL from Buckypaper made of pure SWCNT dispersed in 100 ml of deionized water using Triton X-100 
(sample size was 5 × 5mm). 
Reduction in TL yield of some 3.8 was found for the irradiated pure SWCNT buckypaper in 
compared with that from the irradiated raw samples as in Fig. 45 and 46.  
 
Figure 48: The peak illustrates TL yield from pure SWCNT buckypaper irradiated to a dose of 2 Gy using a beta 
source 90Sr; the lower line illustrates the signal obtained on second reading. 
Figure 48 illustrates the first and second readings for the pure sample subsequent to 
irradiation to a dose of 2 Gy. The peak illustrates the result of the first reading cycle and the 
lower line illustrates that of the second read cycle, again supporting the previous sample 
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results indicating little necessity for annealing when the sample is exposed to a dose in the 
range of several Gy. 
Figure 49 shows the TL yield for a fresh super-pure SWCNT Buckypaper sample. The 
sample consists of Buckypaper made of 0.05g of Super-Pure Single–Wall Carbon Nanotubes 
dispersed in 100 ml of deionized water through the use of Triton X-100. The sample size was 
again 5 × 5 mm and again the sample was irradiated to a dose of 2 Gy using the 90Sr beta 
source. The graph is multi-peaked for the non-irradiated sample as obtained from raw and 
pure SWCNT Buckypapers. However, this sample provides a greater TL yield than the pure 
SWCNT sample, being similar to the TL yield obtained from the raw SWCNT sample. This 
was not expected as the sample is super purified from impurities. However, as nitrogen is 
used in the process of purification of the samples, this increase is thought to be due to 
contamination during that process, the nitrogen atoms potentially causing increase in the trap 
centres in the sample. 
 
Figure 49: TL yield, before irradiation, from buckypaper made of Super-Pure SWCNTs dispersed in 100ml of 
deionized water using Triton X-100, (sample size was 5 × 5mm). 
Figure 50 again shows two line profiles, the peak illustrating the TL yield from the super-
pure SWCNT sample after exposure to 2 Gy using the Sr90  source, and the lower line 
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illustrating the TL yield resulting from the second reading for the same sample. The TL yield 
from the super-pure sample is greater than the TL yield from the pure sample by factor of 2.2.  
 
Figure 50: The peak illustrates the TL yield from the super-pure SWCNT sample following exposure to a dose of 2 
Gy using the 90Sr source, and the lower line illustrates the TL yield from second reading for the same sample. 
 
5.1.6.3 TLD-100 
The response of TLD-100 (doped lithium fluoride) has been obtained for the same beta dose 
as that used for the SWCNT buckypaper samples, residual clipping being observed even with 
a factor of 103 increase in TLD reader sensitivity over that adopted for the SWCNT samples 
(see figure 51).  
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Figure 51: TL yield from TLD-100 irradiated to a dose of 2 Gy using the 90Sr source. 
It does need to be observed that the SWCNT samples were of lower mass than that of the 
TLD-100 ranging from 2 to 10% of the TLD-100 mass. Thus the mass-normalised relative 
response of the SWCNTs to the TLD-100 was of the order of some 2%. 
5.2 Conclusion 
Three types of SWCNT buckypaper, each of different impurity, were prepared for irradiation 
using different sources. TLD-100 was used for comparison. The samples were irradiated 
using a 90Sr source. The TL yield from the CNT samples indicate considerable potential for 
these media, underlined by a fact that the response to varying purity would need to be 
calibrated for. While the response of the buckypaper is less than that obtained from TLD-100, 
The results do suggest that CNTs may accommodate higher levels of radiation dose, with 
potential for use in dosimetry as in radiation therapy, a matter requiring further investigation 
which has been further investigated in the following chapters. 
 
 
0
50
100
150
200
250
300
350
0 50 100 150 200
TL
 Y
ie
ld
 1
0^
-3
 
Channel Number 
130 
 
Chapter 6 
 
6 Lower Limits of Detection in using Carbon Nanotubes as 
Thermoluminescent Dosimeters of Beta Radiation 
6.1.1 Introduction 
 
Most of the content of this chapter has been published in the journal “Radiation Physics and 
Chemistry”: "Abdulaziz Alanazi et al., 2016. “Lower Limits of Detection in using Carbon 
Nanotubes as Thermoluminescent Dosimeters of Beta Radiation", Volume 140, November 
2017, Pages 87-91, (Appendix E). The right to include the article in any thesis or dissertation 
has been obtained during assignment of copyright with the publisher. 
In the previous chapter (Chapter 5) the thermoluminescence signal was measured from 
samples of Single-Wall Carbon Nanotubes (SWCNTs) produced in the form of Buckypaper, 
the samples being of varying purity. The samples (raw SWCNTs, pure SWCNTs, and super-
pure SWCNTs) were irradiated by a 90Sr source to obtain various doses. In this chapter 
further investigations of the materials was conducted, seeking to obtain a measure of the 
lower limit of detection (LLD) for the particular samples and their associated production 
methods. The doses used were in the range of 35 mGy to 1.3 Gy, the response of the CNT 
Buckypaper against doses showed a trend towards linearity. 
5.3  Methods of Sample preparation 
 
The method of Buckypaper preparation was as discussed in section  5.1.3.1. The optimum 
surfactant to CNT ratio was found to be in the range 5:1 to 10:1 by weight (Islam et al., 
2003).  In this and previous work, a surfactant to CNT ratio of 10:1 was used to prepare the 
various samples. The concentration of the single-wall carbon nanotubes in the dispersion that 
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was used to form the buckypaper were 0.1, 0.1, and 0.05 gm for raw, pure, and super pure 
single-wall carbon nanotubes respectively. These quantities were dispersed in 100 ml of 
deionized water through the use of Triton X-100 as previously mentioned. 
 
Figure 52: Microscopic view of the Buckypaper sample made of single-wall CNTs. Obtained using accelerating 
potential energy of 20 kV, and magnification power of 50,000. The scale is shown in the form of the 100 nm white bar, 
provided in the lower part of the figure. 
 
Figure 53: Microscope image of one of the buckypaper super-pure single-wall CNT samples, the image being 
obtained using an acceleration potential 20 kV and magnification 25x, the surface roughness being highlighted. A 
1mm long scale is provided in the lower part of the figure. 
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Surface roughness and variability in the buckypaper samples as shown in figure 54 indicate 
considerable variability in the amount of CNTs deposited in the surface of the Buckypaper 
(compare to figure 53). Normalization for surface roughness can be expected to lead to 
reduction in the variability in response to dose. 
6.1.2 Strontium-90 source for Beta Irradiation of CNT Samples 
Exposure of the CNTs samples was carried out in the radiation laboratory, University of 
Surrey. A 90Sr beta source of approximate activity 95 MBq was used to irradiate the various 
CNTs samples, raw, pure, and super-pure. In order to minimise exposure to the user, the 
source was located within a box shielded by lead. The samples were positioned in a rotating 
disk that can accommodate 26 individual samples within it, each labelled to identify the 
individual samples. The set-up is as shown in Figure 54. The different qualities of single-wall 
carbon nanotubes have been exposed to the beta-ray emissions to provide doses of 0.02, 
0.035, 0.627, 0.836, and 1.245 Gy. 
 
Figure 54: The diagram shows the beta source irradiation set-up used to expose the CNT Buckypaper samples. 
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6.1.3 Results and discussion 
6.1.3.1 The glow curve 
 
Figure 55: TL yield for the CNTs (the glow curve), encompassed within the temperature range 180– 250 °C. 
Figure 55 above shows the glow curves obtained for the irradiated CNT buckypaper samples 
for doses within the quoted range, the TL yields being observed to be encompassed within the 
temperature range 180– 250 °C. The absence of noticeable differences in shape or 
distribution of TL yield with dose is indicative of an essentially identical trap centre 
activation energy distribution over the particular dose range. The temperatures have been 
made to ramp from room temperature to the maximum value of some 397 °C at a ramp rate at 
6.5 deg C per second, leading to an ability to discern above-background glow curves for 
doses down to 35 mGy, extending to 1.3 Gy, allowing the samples to be considered to be of 
utility for radiotherapy dosimetric applications. Thus said, it was also observed that a hyper-
response at 0.2 Gy of the order of four times greater than that obtained at any other dose 
within the dose range which was explored, with further experiments subsequently carried out 
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(in the subsequent subsection to this). The more general trend, in response to the various 
doses, in the absence of this hyper-response was found to be linear across the dose range 
(Figure 56). Note should be taken that each point in the graph is the mean of three 
measurements made on three individual samples irradiated under the same conditions. 
6.1.3.2 Energy Response 
 
Figure 56: Comparison between the energy response for raw, pure, and super-pure (SP) SWCNTs. The TL yield 
divided by 1 million to normalize the numbers on the scale of Y-axis. The inset displays the hyper-sensitivity observed 
at low doses. 
In figure 56 the lower line in the graph represents the dose response for the super-pure 
SWCNTs, that above it the dose response for the pure SWCNTs and the upper line represent 
the dose response for the raw SWCNTs. The inset to the figure displays the hyper response 
observed at 0.2 Gy. As can be seen in the graph the dose response is generally proportional 
with dose, trending toward linearity for the three samples, raw, pure, and super-pure single-
wall CNTs. The raw sample provides the greatest response, a matter supported by Energy 
Dispersive X-Ray Analysis (EDX) examining the purity of samples provided by the 
manufacturer. Figure 57 shows EDX analysis for the raw SWCNTs, the Fe content in the raw 
sample being some 17.2 wt%, considerably greater than that for the pure and super-pure 
samples, at 11.7 and 7.6 wt% respectively. These quantities are a reflection of the number of 
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trapping centres within each sample. As such, the raw samples produce a commensurately 
large TL yield; conversely the super-pure samples, greatly purified from impurities, produces 
a commensurately low TL yield.  
From EDX analysis for the raw, pure, and super-pure SWCNTs (figures 57 and table 11), the 
weight percentage of carbon were found to be 68.2%, 72.1%, 74.1% respectively. The 
remaining impurities are dominated by Fe and O2. Fluorine, Al, SiO2, and Ca were found in 
amounts of less than 1%. The oxygen weight percentage for the raw, pure, and SP SWCNTs 
were 13.5%, 15.1%, 15.5% respectively. These impurities contribute to the charge centres 
localization and induce the SP2 to SP3 hybridization as mentioned earlier. 
 
Figure 57: Energy Dispersive X-Ray Analysis (EDX), showing the various elements present in the raw SWCNT 
samples. 
Table 11: Quantitative EDX Results for raw, pure and super-pure SWCNT, obtained using an accelerating potential 
of 15kV and magnification power of 50. 
Raw Sample  Pure Sample Super-Pure sample 
Elements Line Norm. Wt.% 
Norm. 
Norm. 
 Wt.% Err 
Norm. Wt.% 
Norm. 
Norm. 
 Wt.% Err 
Norm. Wt.% 
Norm. 
Norm. 
 Wt.% Err 
   C K 68.22 ± 0.35 72.14 ± 0.35 74.07 ± 0.35 
   O K 13.54 ± 0.28 15.51 ± 0.21 15.53 ± 0.27 
  Al K 0.16 ± 0.02 0.15 ± 0.02 2.36 ± 0.02 
  Si K 0.31 ± 0.02 0.18 ± 0.03 0.11 ± 0.01 
  Ti K 0.59 ± 0.04 0.31 ± 0.02 0.27 ± 0.02 
  Fe K 17.18 ± 0.27 11.71 ± 0.26 7.63 ± 0.19 
Total 100   100   100  
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Further investigation was conducted to examine the response at 0.2 Gy. Six repeat 
experiments were conducted, exposing the sample on each case to a dose of 0.2 Gy. The 
results of the focal study are shown in the following subsection. 
6.1.3.3 Focal Study of TL Response at a Dose of 0.2 Gy 
As mentioned in the previous study, a hyper sensitive response was observed at the low dose 
of 0.2 Gy. In this subsection, further more intensive study has been conducted to investigate 
in detail the response of the CNT Buckypaper at a dose of 0.2 Gy. Six repeat experiments 
were conducted, the glow curve and TL yield signal again being observed. An example of the 
typical TL response (fig. 58) has shown the TL yield data to now fit linearly with that of the 
other doses. 
 
Figure 58: TL yield for the CNTs (the glow curve), encompassed within the temperature range 180– 250 °C. 
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Figure 58 above shows the glow curves obtained for the irradiated SWCNT Buckypaper 
samples, presented as the average value for the several measurements conducted to examine 
the response of the samples. The behaviour of the glow curve is identical to that in figure 55, 
the only change being the magnitude of the TL yield at 0.2 Gy, encompassed within the same 
temperature range 180– 250 °C. The TL reader has been set up to re-obtain the parameters 
used in the previous experiment; the temperatures have been made to ramp from room 
temperature to the maximum value of some 397 °C at a ramp rate at 6.5 deg C per second. 
The more general trend, in response to the various doses was found to be linear across the 
dose range (Figure 59). Note should be taken that for the doses other than that at 0.2 Gy, each 
point in the graph is the mean of three measurements made on three individual samples 
irradiated under the same conditions. It is possible that in previous measurement at 0.2 Gy 
use was made of a sample with an unusual localised density of CNTs, leading to the greater 
TL yield, a yield that was found to be reproducible. 
 
Figure 59: Comparison between the energy response for raw, pure, and super-pure (SP) SWCNTs. The TL yield 
divided by 1 million to normalize the numbers on the scale of Y-axis.  
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Figure 59 shows the response of SWCNTs samples (raw, pure and super-pure) for different 
doses. The lower line in the graph represents the dose response for the super-pure SWCNTs, 
above it the dose response for the pure SWCNTs and the upper line represent the dose 
response for the raw SWCNTs. As can be seen in the graph the dose response is generally 
proportional with dose, trending toward linearity for the three samples, raw, pure, and super-
pure single-wall CNTs. The raw sample provides the greatest response, a matter supported by 
Energy Dispersive X-Ray Analysis (EDX) examining the purity of samples as discussed in 
the previous subsection. In the table below the results of 6 experiments conducted for dose 
0.2 Gy. The TL yield of 6 measurements for the raw SWCNTs and the standard deviation for 
each sample response are presented in table 12. 
Table 12: The TL signals and Standard deviation for the raw CNTs samples response at 0.2 Gy 
    TL Yield (nC) 
Sample A1 A2 A3 
Experiment 1 302 341 313 
Experiment 2 345 297 351 
Experiment 3 314 346 319 
Experiment 4 300 318 361 
Experiment 5 316 350 321 
Experiment 6 341 366 351 
Average 319 336 336 
Standard Deviations 19.2 24.8 20.4 
 
The TL yield can be interpreted to result of hybridization between the carbon atoms 
themselves and between the carbon atoms with other atoms within the sample. Changes in the 
state of the electron orbitals, in particular sp2 and sp3 bonds, cause the electron orbitals to 
change from sp2 to sp3 hybridization, the latter having greater energy level. When there is 
sufficient energy to break this hybridization, photons will be released. In the coming 
subsection a pilot study of the hybridization change in the carbon atoms was conducted by 
the means of x-ray photoelectron spectroscopy. 
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6.1.4 X-ray Photoelectron Spectroscopy 
To account for the change in the ratio of the sp2 to sp3 hybridization before and after 
irradiation, XPS (Beamson and Briggs 1992) analyses were performed on a ThermoFisher 
Scientific (East Grinstead, UK) Theta Probe spectrometer. XPS spectra were acquired using a 
monochromated Al Kα X-ray source (hQ = 1486.6 eV). An x-ray spot of ~400 μm radius was 
employed. Survey spectra were acquired employing a pass energy of 300 eV. High 
resolution, core level spectra for C1s and O1s were acquired with a pass energy of 50 eV. 
High resolution, core level spectra for Fe2p and Si2p were acquired with a pass energy of 50 
eV. Quantitative surface chemical analyses were calculated from the high resolution, core 
level spectra following the removal of a non-linear (Shirley) background. The manufacturers 
Avantage software was used, incorporating the appropriate sensitivity factors also correcting 
for the electron energy analyser transmission function. The best fit C 1s (Kaciulis 2012c) was 
acquired with a centre peak binding energy for the sp2 of 284.4 eV and with a shift of 0.4 eV. 
The sp3 peak was located at binding energy 284.8 eV.  
The results show an increase in the sp3/sp2 hybridization ratio for a sample exposed to a dose 
of some 0.4 Gy. As can be clearly seen in the displayed example of the peak fitted for C 1s 
for the super-pure SWCNTs sample, Figures 60 and 61 display the peak associated with the 
sp3and sp2 hybridization, before irradiation (Fig. 60) and after irradiation (fig. 61). This 
increase in the sp3 hybridization has been found in the pure and raw samples, with 
quantitative data provided in table 13 showing the increase in the sp3/sp2 hybridization ratio 
for the sample after irradiation. 
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Figure 60: X-ray Photoelectron Spectroscopy for the super-pure SWCNTs sample pre-irradiation, showing the 
separate sp2 and sp3 peaks. 
 
Figure 61: X-ray Photoelectron Spectroscopy for the super-pure SWCNTs sample post-irradiation. The peak of the 
sp2 and sp3 are displayed. 
 
From table 9, sp2/sp3 hybridization ratio pre-irradiation for the raw, pure, and super-pure 
SWCNT samples were 44%, 22%, and 25% respectively, increasing post-irradiation by 
factors of 1.8, 1.9, and 2.7 respectively. 
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Table 13:  Percentage change in the ratio of hybirdazation from sp2 to sp3 (sp2 / sp3) for the raw, pure, and super-
pure SWCNT samples pre and post irradiation 
 Percentage (sp2 / sp3) ratio for the samples pre and post irradiation 
Sample Raw SWCNTs Pure SWCNTs Super-Pure SWCNTs 
Pre-Irradiation 44% 22% 25% 
Post-Irradiation 80% 43% 69% 
   
This change in the orbitals within the carbon atoms leads to increased molecular strain, 
reflected in the molecular binding energy. With the sample heated to temperatures > 250 °C, 
sp3 hybridization can change to sp2 hybridization, with energy release in the form of photons. 
This luminescence has been observed by the group of Chruścińska, referring to them as 
relaxoluminescence (Chruścińska et al., 2006). While this relaxoluminescence contributes to 
the thermoluminescence signal it remains apparent that greater contribution can be obtained 
through the addition of impurity to the samples, as clearly shown from the response of the 
raw SWCNT sample. 
6.1.5 Conclusion 
Three types of single-wall CNTs were formed into Buckypaper, with each of different 
impurity and prepared for irradiation using a 90Sr source. The samples, irradiated to different 
doses from 35 mGy to 1.245 Gy, show the TL yield from the single-wall CNT buckypaper 
samples to be generally proportional to the dose deposited in the sample. While sp3 to sp2 
hybridization in carbon provides a strain-related contribution to the TL signal from irradiated 
samples, the greater contribution to the overall TL signal can be obtained from impurity, in 
the present case predominantly from Fe. The general response indicates considerable 
potential for the raw CNT media to be used in radiotherapy dosimetric applications, although 
142 
 
there remains a need to develop means for control of surface roughness of the buckypaper 
CNTs in order to obtain more uniform response. The following chapter discusses the new 
technique developed using XPS to examine the change of hybridization (sp3 to sp2) with 
deposited doses and proposing this to be a new method of dosimetry. 
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Chapter 7 
7 Novel Dosimetric Study of sp2 to sp3 Irradiation hybridisation 
Ratio in Free –Standing CNTs 
7.1.1 Introduction 
Most of the content of this chapter has been published in the journal “Radiation Physics and 
Chemistry”: "Abdulaziz Alanazi et al., 2016. “Novel dosimetric study of the sp2 to sp3 
hybridisation ratio in free–standing carbon nanotubes buckypaper", DOI: 
https://doi.org/10.1016/j.radphyschem.2018.02.006 , (Appendix F). The right to include the 
article in any thesis or dissertation has been obtained during assignment of copyright with the 
publisher. 
As shown in section  6.1.3.3 (focusing on lower levels of detection), an apparent reproducible 
hypersensitivity has been observed at lower dose (by which for present purposes one 
understands this to mean a fraction of 1 Gy), in particular herein at about 0.2 Gy. While 
further investigation conducted using various CNT samples have not typically reproduced the 
deviation from linearity at the same low dose nevertheless, and much less frequently, the 
enhanced response has been obtained. This presents one with several possibilities as to 
influencing factors, including variation in buckypaper thickness at the effective point of 
measurement, also imperfect thermal contact across the sample, both exacerbated by the 
decreasing signal to noise ratio at low dose. In part, this suggests need for a microscopic 
investigation to enable better understanding of the effect of radiation dose on the CNTs. This 
chapter reports on use of x-ray photoelectron spectroscopy (XPS) in a surface analysis study 
exploring the CNTs pre and post irradiation. 
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7.1.2 Setup of the experiment6 
XPS analyses were performed using a Thermo Fisher Scientific Instruments (East Grinstead, 
UK) K-Alpha+ spectrometer. XPS spectra were acquired using a monochromated Al Kα X-
ray source (hQ = 1486.6 eV). An X-ray spot of ~400 μm radius was employed. Carbon KLL 
Auger peaks were acquired using a Pass Energy of 50 eV and the samples D parameter 
determined. Quantitative surface chemical analyses were calculated from the high resolution, 
core-level spectra following the removal of a non-linear (Shirley) background. The 
manufacturers’ Avantage software was used for analysis, incorporating the appropriate 
sensitivity factors and corrections for the electron energy analyser transmission function.  
7.1.3 X-ray photoelectron spectroscopy (XPS) 
Use of XPS enables exploration of the effects of ionising radiation on the structure of CNTs. 
In particular, XPS is a surface sensitive technique that provides quantitative spectroscopic 
measurements of elemental composition, also providing information on the 
chemical/electronic configurational state of the surface of the target medium. XPS spectra are 
acquired by exposure of the material to X-ray radiation, simultaneously measuring the kinetic 
energy and number of electrons that travel from the upper-most surface of the material (0 to 
10 nm) via use of an electron energy analyser detector. The technique requires relatively high 
vacuum conditions (a 1 u 10-7 millibar) and reference to the D parameter, the latter based on 
separation of the pair of maxima and minima observed in the X-ray excited carbon KLL 
transition (see figures 62 and 63). This has been used to estimate the hybridisation ratio 
(sp2/sp3), representing the change in orbital bonding with respect to dose received. Figure 64 
illustrates the change in hybridisation of the carbon atom orbitals. The study has been carried 
out for three different purities of CNT sample, raw, pure and super-pure, each exposed to 
various doses.  
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Figure 62: Example for the first derivative for carbon KLL spectra was used to determine the distance “D” between 
the most positive maximum and most negative minimum for the raw sample A, in this case the D-value of 21.0 eV 
corresponds to the sample pre-irradiation. 
 
  
 
Figure 63: Example for the first derivative for carbon KLL spectra was used to determine the distance “D” between 
the most positive maximum and most negative minimum for the raw sample A, in this case the D-value of 17.7eV for 
the A sample post irradiation, exposed to a dose 5.85 Gy. 
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Figure 64: Hybridisation of orbital bonding, from sp2 to sp3; for sp2 the angle between the orbitals is 120° while for 
sp3 it is 109.5°. The sp2 to sp3 ratio has been observed to change systematically when the highly carbon-rich sample 
is exposed to ionising radiation. 
 
The XPS technique has been used to explore the surface structure samples of single-wall 
carbon nanotubes (SWCNTs) of various degrees of purity, raw, pure and super pure. In 
present investigations the buckypaper samples have been irradiated with beta-particle 
ionising radiation, use being made of a 90Sr irradiator. The rationale for this choice has been 
to ensure dose deposition throughout the buckypaper, the thickness of samples ranging from 
as low as 10 Pm to as great as 100 Pm (with a mean and standard deviation of 12.9 ± 1.7 Pm 
for the most uniformly flat sample and 82.5 ± 26.4 Pm for the least uniform sample, see 
histograms in figure 65 for sample thicknesses).  
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Figure 65: Examples of samples thickness variations. 
The stopping power of 90Sr/90Y beta particles in graphite (U = 1.7 g cm-3) is of the order of 
0.3 keV Pm-1 [ESTAR (electron stopping power and range) database, (NIST 14 June 2017)], 
also noting that the maximum decay energy of the beta decay from 90Sr to 90Y is 0.546 MeV 
while that of the subsequent decay to 90 Zr with a half-life of 64.1 h is 2.28 MeV. The short 
versus long half-life relationship between 90Y and 90Sr respectively provides the basis for 
secular equilibrium between the two radionuclides.  
XPS analyses were performed using a Thermo Fisher Scientific Instruments K-Alpha+ 
spectrometer (East Grinstead, UK). XPS spectra were acquired using a monochromated Al 
Kα X-ray source (hQ = 1486.6 eV) and an x-ray spot size of radius ~ 400 μm. Carbon KLL 
Auger peaks were acquired using 50 eV Pass Energy and the sample D parameter was 
determined. With removal of a non-linear (Shirley) background, quantitative surface 
chemical analyses were obtained from the high resolution, core-level spectra. For analysis, 
148 
 
use was made of the manufacturers’ Avantage software, the latter incorporating the 
appropriate sensitivity factors and corrections for the electron energy analyser transmission 
function.  
To observe dose-dependent change, the XPS technique was applied to samples pre- and post-
irradiation, the source providing a dose-rate that allowed delivery of doses in the range 0.2 to 
6 Gy in irradiation times of between 24 hours and 28 days. After each exposure the surface of 
the SWCNTs was examined through use of the XPS technique, the results giving information 
on the relative presence of the two carbon orbital forms, sp2 and sp3, as discussed above. In 
so-doing, the investigation has concerned whether, as a result of deposited dose, the bonding 
in the surface structure changes in a proportionate and sensitive way.  
7.1.4 Results 
For all three qualities of CNT, the ratio sp2/sp3 shows an exponential-like dose-dependent 
response (see for example, Figure 66), the functional dependency differing from sample to 
sample, a reflection of sample variation, including level of impurity, thickness and surface 
roughness. Fitting by non-linear least-squares, carried out using the Python package SciPy 
data analysis toolkit (Jones, 2001), produced equations of the form: 
𝒚 = 𝑨 ∗ 𝒆−𝒃∗𝒙 + 𝒄           …   (8) 
With y the D-value, x the dose and A, b, c constants for the particular sample and type (raw, 
pure or super-pure). Such exponential behaviour has also been reported by (McEnaney and 
Wickham 1996) in their study of degradation of nuclear graphite properties. 
7.1.4.1 Raw single-wall carbon nanotubes samples 
For preparation of raw sample A, use was made of 0.1 g of CNT, 80 ml of deionised (DI) 
water and 1 g of Triton X-100 (Tx-100) to act as surfactant, see  section  5.1.3.1 for more 
details of the method of preparations. The curve fitting parameters were: [A = 3.5 eV, b = 
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0.38, c = 17.5 eV]. Each data point presented in Fig. 66 is the average of three separate 
measurements, the standard error in D being 0.2 eV. 
 
Figure 66: Relationship between deposited dose and change in D-value for raw sample A over the dose range zero to 
5.85 Gy; the D-value shows exponential-like reduction with increase in dose. 
 
 
Figure 67: Display of the percentage sp2 associated with D values for raw sample A. Note that use has been made of 
two reference values, namely diamond (100% sp3) and graphite (100% sp2). 
The fractional change from sp2 to sp3, typically referred to as hybridisation, can be assessed 
using the plot of Fig. 67, showing the percentage sp2 associated with each D-value. Here use 
has been made of the fact that graphite is 100% sp2 while diamond is 100% sp3, both used as 
reference values for the sp2 and sp3 ratio such that any D-value can then be measured 
accordingly. As can also be seen in fig. 67, measured D values associated with given doses 
can be projected to calculate the sp2 to sp3 hybridisation. Table 14 shows the quantitative data 
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for raw sample A, the change of hybridisation and D-values associated with the deposited 
doses being provided. The D-values for the sample at zero and at 5.85 Gy were 21.1 eV and 
17.8 eV respectively. 
 
Table 14: Quantitative results for raw sample A for different doses 
Dose (Gy) % sp2 % sp3 D-value (eV) 
0 84.1 15.9 21.1 
0.21 80.1 19.9 20.8 
0.63 74.5 25.5 20.3 
1.05 68.9 31.1 19.8 
3.50 55.7 44.3 18.6 
5.85 46.8 53.2 17.8 
 
Fig. 68 displays the D-value (D parameter) vs dose for raw sample D, being of the same 
purity category as that of sample A but differing in regard to the preparation process, with a 
greater quantity of SWCNTs being used; 0.14 g of CNTs, with 100 ml of DI-water and 1 g of 
Tx-100. The resulting equation fitting parameters were: [A = 3.1 eV, b = 0.53, c = 18.1 eV], 
with again each data point representing the average of three measurements and a standard 
error in D of 0.2 eV. The decrease in the value of D with dose is similar to that seen in raw 
sample A, indicative of a technique robust against such concentration variation. Fig. 69 
exhibits the dose-dependent measured D values for raw sample D as a function of sp2. 
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Figure 68: Dose dependent D-values for raw sample D, made using 0.14 g of CNTs, 100 ml of DI-water and 1 g of Tx-
100. 
 
Figure 69: Percentage sp2 associated with dose-dependent D values for raw sample D. 
 
Table 15 shows the quantitative data for raw sample D; at zero and at 5.85 Gy the D-values were 21.1- and 18.3 
eV respectively. 
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Table 15: Quantitative results for raw sample D for different doses 
 
 
Fig 71 shows the D-value vs dose for raw sample H, formed using 0.12 g of CNTs, 100 ml of 
DI-water, 1 g of Tx-100), with associated fitting parameters [A = 3.5 eV, b = 0.59, c = 17.6 
eV]. Again, each data point is the average of three measurements, the standard error again 
being 0.2 eV. The fitting parameter values lie between those of A and D as expected of a 
medium of intermediate concentration of SWCNTs. Fig. 72 displays the percentage sp2 
associated with each dose dependent D-value. 
 
Figure 70: Dose dependent D-values for raw sample H, made using 0.12 g of CNTs, with 100 ml of DI-water and 1 g 
of Tx-100. 
Dose (Gy) % of sp2 hybridisation % of sp3 hybridisation D-value (eV) 
Zero 83.7 16.3 21.1 
0.21 82.8 17.2 21.0 
0.63 75.1 24.9 20.3 
1.05 67.4 32.6 19.6 
3.50 56.8 43.2 18.7 
5.85 52.5 47.5 18.3 
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Figure 71: The percentage of sp2 associated with D values for raw sample H. 
 
Table 16 Quantitative data for raw sample H, with D-values at 0 and 5.85 Gy of 21.1- and 
17.7 eV respectively.  
Table 16: Quantitative results for raw sample H for different doses 
Dose (Gy) % of sp2 
hybridisation 
% of sp3 
hybridisation 
D-value 
(eV) 
Zero 84.1 15.9 21.1 
0.21 78.4 21.6 20.6 
0.63 71.6 28.4 20.0 
1.05 64.8 35.2 19.4 
3.50 50.0 50.0 18.1 
5.85 45.5 54.5 17.7 
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7.1.4.2 Pure single-wall carbon nanotubes 
Fig. 73 shows the D-value vs dose for pure sample B1, of comparative purity compared to 
that of pure and super-pure using the Energy Dispersive X-ray (EDX) facility of a Scanning 
Electron Microscope as in table 17 below. 
Table 17: EDX analysis of raw, pure and super-pure SWCNT, using an SEM at 15kV and 50 u  mag. 
Raw samples Pure samples Super-Pure samples  
Element/ 
Line 
Norm. 
Wt.% Norm. 
Norm. 
Wt.% Err 
Norm. 
Wt.% Norm. 
Norm. 
Wt.% Err 
Norm. 
Wt.% Norm. 
Norm. 
Wt.% Err 
C K 68.2 ± 0.4 72.1 ± 0.4 74.1 ± 0.4 
O K 13.5 ± 0.3 15.5 ± 0.2 15.5 ± 0.3 
Al K 0.16 ± 0.10 0.15 ± 0.10 2.4 ± 0.1 
Si K 0.31 ± 0.10 0.18 ± 0.10 0.11 ± 0.01 
Ti K 0.59 ± 0.10 0.31 ± 0.10 0.27 ± 0.02 
Fe K 17.2 ± 0.3 11.7 ± 0.3 7.6 ± 0.2 
 
For preparation of pure samples B1 use was made of 0.05 g of CNTs, 100 ml of DI-water and 
0.5 g of Tx-100. With this change in preparation the resulting equation fitting parameters 
were: [A = 6.3 eV, b = 0.20, c = 14.9 eV], with each data point the average of three 
measurements and with standard error 0.2 eV. The D-value decreases with dose in similar 
fashion to that previously described but with fitting parameter A differing by approaching a 
factor of 2 compared to the raw samples, a matter that will be discussed in the discussion 
section.  The situation is that larger mean D values are obtained at the lower dose point values 
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compared to the raw samples, indicative of reduced sensitivity towards change from graphite 
at such doses. As with TL yields the indication is that the raw SWCNT formulations are seen 
to be more dose sensitive than the pure or super-pure as will be seen below.  
 
Figure 72: D-value vs dose for pure sample B1, prepared from 0.05 g CNTs, 100 ml DI-water and 0.5 g Tx-100. 
Fig. 74 Measured D values associated with given doses and sp2 and sp3 hybridisation for the 
pure sample B1. 
 
Figure 73: Percentages of sp2 associated with the D values for pure sample B1. 
Table 18 shows the quantitative data for pure sample B1 with dose-dependent D-values and 
change of hybridisation. The D-values for the sample at zero and at 5.85 Gy were 21.2 eV 
and 16.8 eV respectively. 
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Table 18: Quantitative results for pure sample B1 for different doses 
Dose (Gy) % of sp2 
hybridisation 
% of sp3 
hybridisation 
D-value (eV) 
Zero 85.2 14.8 21.2 
0.21 81.8 18.2 20.9 
0.63 77.3 22.7 20.5 
1.05 71.6 28.4 20.0 
3.50 48.9 51.1 18.0 
5.85 35.2 64.8 16.8 
 
Fig. 75 shows the D-value vs dose for pure sample B2, the preparation process of this being 
identical to B1 having being cut from the same original buckypaper sample. The resulting 
equation fitting parameters were: [A = 5.6 eV, b = 0.20, c = 15.2 eV]. As before, each data 
point is the average of three measurements and the standard error is 0.2 eV for all samples. 
While the familiar shape of B1 is re-obtained, the fitting points to a lesser sensitivity at low 
dose, with a value A of 1.61 eV cf 6.28 eV for sample B1. What is apparent is that small 
changes in the D-value at low doses appear to be associated with a large swing in dose 
sensitivity, a behaviour that is almost certainly associated with sample inhomogeneity. 
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Figure 74: D-value vs dose for pure sample B2, prepared using 0.05 g of CNTs, 100 ml DI-water and 0.5 g of Tx-100. 
Fig. 76 measured D values associated with given doses projected to calculate the sp2 and sp3 
hybridisation for the pure sample B2. 
 
 
Figure 75: The percentages of sp2 associated with the D values for pure sample B2. 
Table 19 shows the quantitative data for pure sample B2. The D-values at zero and at 5.85 Gy 
were 20.9 eV and 17.0 eV respectively. 
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Table 19: Quantitative results for pure sample B2 for different doses 
Dose (Gy) % of sp2 
hybridisation 
% of sp3 
hybridisation 
D-value (eV) 
0 81.8 18.2 20.9 
0.21 77.3 22.7 20.5 
0.63 73.9 26.1 20.2 
1.05 69.3 30.7 19.8 
3.50 50.0 50.0 18.1 
5.85 37.5 62.5 17.0 
 
Fig. 77 shows the D-value vs dose for pure sample F, a sample of similar impurity to that of 
the B samples as in table 17. For its preparation the following quantities were used: 0.03 g of 
CNTs, 50 ml DI-water and 0.3 g Tx-100. The resulting equation fitting parameters were: [A 
= 20.8 eV, b = 0.03, c = 0.0 eV]. Each data point is the average of three measurements and 
the standard error is 0.2 eV for all samples. The fitted curve shows a greater degree of 
linearity compared to pure samples B1 and B2, with the fitting of the curve  restricted to just 
the first two terms of the exponential expansion. Fig. 78 displays the measured D values 
associated with given doses together with the sp2 to sp3 hybridisation. 
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Figure 76: D-value vs dose for pure sample F, the D-value decreasing in an approximate linear fashion with dose. 
 
Figure 77: The percentages of sp2 associated with the D values for pure sample F. 
Table 20 shows the quantitative data for pure sample F. The change of hybridisation and D-
values associated with the deposited doses are shown. The D-values for the sample at zero 
and at 5.85 Gy were 20.7 eV and 17.8 eV respectively. 
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Table 20: Quantitative results for pure sample F for different doses 
Dose (Gy) % of sp2 
hybridisation 
% of sp3 
hybridisation 
D-value 
(eV) 
0 79.5 20.5 20.7 
0.21 78.4 21.6 20.6 
0.63 76.1 23.9 20.4 
1.05 74.4 25.6 20.3 
3.50 58.5 41.5 18.9 
5.85 46.8 53.2 17.8 
 
7.1.4.3 Super-pure single-wall carbon nanotubes samples 
Fig. 79 shows the D-value vs dose for super-pure sample G1. Sample preparation was similar 
to that for pure sample F, using: 0.03 g of CNTs, 50 ml DI-water and 0.3 g of Tx-100. The 
resulting equation fitting parameters were: [A = 18.4 eV, b = 0.02, c = 2.04 eV], again with 
each data point being the average of three measurements and standard error of 0.2 eV. The 
fitted curve for the G1 sample shows a greater degree of linearity compared to the raw 
samples and pure samples B1 and B2, with a similar trend to that observed for the pure 
sample F. Fig. 80 displays the measured D values associated with given doses together with 
the sp2 to sp3 hybridisation. 
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Figure 78: D-value vs dose for super-pure sample G1, the D-value decreasing in a closely linear fashion with dose. 
 
 
Figure 79: The percentage sp2 associated with the D values for super-pure sample G1. 
 
Table 21 shows the quantitative data for super-pure sample G1. The D-values for the sample 
at zero and at 5.85 Gy were 20.5 eV and 18.9 eV respectively. 
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Table 21: Quantitative results for super-pure sample G1 for different doses 
Dose 
(Gy) 
% of sp2 
hybridisation 
% of sp3 
hybridisation 
D-value 
(eV) 
0 77.3 22.7 20.5 
0.21 76.1 23.9 20.4 
0.63 75.0 25.0 20.3 
1.05 73.9 26.1 20.2 
3.50 65.9 34.1 19.5 
5.85 59.1 40.9 18.9 
 
Fig. 81 shows the D-value vs dose for super-pure sample G2. For preparation of the super-
pure sample G1 similar quantities to that for pure sample F were used, as follows: 0.03 g of 
CNTs, 50 ml  DI-water and 0.3 g Tx-100. The resulting equation fitting parameters were: [A 
= 4.1 eV, b = 0.14, c = 16.3 eV]. Each data point presented is the average of three 
measurements and the standard error is 0.2 eV. The fitted curve for the G2 sample shows 
similar curvature to that of pure samples B1 and B2 and the raw samples. Fig. 82 displays the 
measured D values associated with given doses together with the sp2 to sp3 hybridisation. 
 
Figure 80: D-value vs dose for super-pure sample G2. 
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Figure 81: The percentage sp2 associated with the D values for super-pure sample G2. 
Table 22 shows the quantitative data for super-pure sample G2. The D-values for the sample 
at zero and at 5.85 Gy were 20.3 eV and 18.1 eV respectively. 
Table 9:  Quantitative results for super-pure sample G2 for different doses 
Dose (Gy) % of sp2 
hybridisation 
% of sp3 
hybridisation 
D-value 
(eV) 
0 74.7 25.3 20.3 
0.21 73.6 26.4 20.2 
0.63 70.5 29.5 19.9 
1.05 68.2 31.8 19.7 
3.50 56.8 43.2 18.7 
5.85 50.0 50.0 18.1 
7.1.5 Discussion: 
By projecting the D-value in association with dose, a process exemplified in the graph of fig. 
66 and graphs thereafter, one can observe a regularity of change in the percentages of sp2 and 
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sp3. In particular, the sp2 hybridisation, expressed as the ratio sp2/sp3, reduces for increasing 
radiation dose, a behaviour that has been observed for all of the samples investigated herein, 
be they raw, pure or super-pure. Similar such behaviour in terms of the reduction of sp2 has 
previously been observed in the study of (Bardi et al., 2017b), for samples of SWCNT 
exposed to x-ray radiation, at doses of 20 cGy and 45 cGy, for a technique based on 
measurement of accumulated charge. The Bardi study investigated the change in the structure 
of the SWCNT in powder form, investigations focusing both on the change of structure and 
the effect on raw SWCNTs as a potential device used in active dosimetry, such as that of the 
ion chamber (Bardi et al., 2017b). Apparent from present analysis is that the reduction in sp2 
varies from sample-type to sample-type (raw, pure and super pure) being attributable to the 
level of impurity, thickness and roughness of the surface, affected as these are by the process 
of sample preparation. 
Figure 66 has depicted the relationship between the deposited dose and the change in the D-
value (sp2/sp3) for raw sample A. Over the dose range from zero up to 5.85 Gy, the D-value 
shows exponential reduction with increasing deposited dose. The change of sp2 to sp3 has 
subsequently been evaluated using the plot of figure 67, illustrating the percentages of sp2 
associated with particular D-values, also making use of the fact that graphite is 100% sp2 
while diamond is 100% sp3. In accord with this, test has been made of whether any dose 
dependent D-value can be measured from the linear fit between the diamond and graphite, a 
matter that has been demonstrated not only for all of the raw samples, but also for all of the 
other sample types tested herein, as further summarised below. From the results for the raw 
samples it has further been shown that there is a standard exponential reduction in D-value 
with deposited dose. The change in D-value can be measured with deposited dose, indicative 
of the degree of sp2 to sp3 hybridisation. For the raw samples the D-values varied from 21.1 
eV to 17.7 eV. At zero dose the carbon nanotube walls contain carbon bonding of some 84% 
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sp2 and 16% sp3 hybridisation. Depositing 0.21 Gy of beta particle dose is seen to lead to a 
reduction of sp2 from 84% to ~ 80% and enhancement of sp3 to 20%.  
When comparing the raw sample dose-dependent D-value curves against those for the pure 
and super-pure samples, with increasing purity it can be seen that the curves trend towards a 
more linear dependency. This phenomenon, attributed to the impurities in the raw samples, 
accords with the EDX analysis (see  6.1.3.2), showing that the raw samples have greater 
amounts of iron in them than the pure and super-pure, at 17.2%, 11.7% and 7.6% 
respectively.  
For graphite, the lowest energy required for carbon atom displacement, on the c-axis 
direction, was found by (Banhart et al., 1997) to be 15-20 eV. Another study suggests the 
threshold energy required for carbon atom displacement in graphite 15-17 eV 
(Krasheninnikov and Nordlund 2004). Yet another threshold value for carbon atom 
displacement for SWCNT was reported to be 16.9 eV (Cress et al., 2010b). Simmons 
reported the value to be 25 eV in neutron damaged graphite, cited in (Marsden 1996). 
Conversely, for diamond, another form of carbon, the displacement threshold has been 
reported to be 30-48 eV (Bourgoin and Massarani 1976) (Koike et al., 1992). Thus said, 
graphite is formed from two different chemical bonds on each plane, a van der Waals bonds 
that links the basal planes and covalent bonds that work within the planes; Banhart has 
subsequently pointed out that SWCNTs are the smallest graphite-based structure, their 
specific geometry allowing them to be unaffected by van der Waals forces (Banhart 1999). 
From these studies in graphite it has been estimated by the group of Banhart that the 
threshold energy required to displace a carbon atom in the walls of the SWCNTs is in the 
range 15-20 eV, estimated assuming the lack of van der Waals bonds between the graphite 
layers in the SWCNTs (see fig. 83). Such atomic displacement can be expected when the beta 
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particles emitted from the 90Sr source (maximum energy 0.546 and 2.28 MeV respectively for 
90Sr and 90Y) interact with the SWCNT samples.  
 
Figure 82: diagram illustrates the covalent and Van der Waals bonds in the graphite structure. 
In regard to the results for the pure samples it can be seen that again there is an exponential 
reduction in the D-values with deposited dose, the D-values change varying progressively 
from 21.2 eV to 16.8. For these samples, as a function of dose deposited in the sample, sp2 
hybridisation is again observed to alter (with associated proportionate increase in sp3). Thus 
for example, while at zero dose the carbon nanotubes walls contain 85.2% sp2 (14.8% of sp3), 
dose deposition of 0.21 Gy leads to reduction of sp2 from 85.2% to ~ 81.8% and 
enhancement of sp3 to ~ 20.9%.  
As commented upon before, comparing the pure sample dose-dependent D-value curves 
against those for the raw samples, with increasing purity it can be seen that the curves trend 
towards a more linear dependency, the fitted curves now showing a high degree of linearity 
when comparing to for instance the samples B1 and B2. In the associated regard to the carbon 
concentration in the raw and pure samples, these were found to be 68.2 % and 72.1 % 
respectively. 
In regard to the results of the super-pure samples, it can be seen that the super-pure samples 
can again be depicted in terms of an exponential reduction, limited in number of terms, D-
values continuing to be associated with progressive change with increase in deposited dose. 
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The D-values for these samples have been observed to range from 20.3 to 18.1 eV. At zero 
dose (as that for an annealed sample) the D-value is some 20.3 eV, corresponding to 74.7% 
sp2 and 25.3% sp3. The dose-dependent response of the super-pure samples is similar to that 
for the pure samples (the D-value decreasing with dose and for the fitted curve for the super-
pure sample G2 this shows similar linearity with that to the pure samples B1 & B2. The more 
limited curvature than that seen for the raw samples can be neglected in a linear 
approximation, given consideration of the errors associated with the measurements. 
Table 22: The fitting parameters were produced by the least square fitting for variables A, b and c 
  A b c A + c 
Raw A 3.5 eV 0.38 17.5 eV 21 eV 
Raw H 3.5 eV 0.59 17.6 eV 21.1 eV 
Raw D 3.1 eV 0.53 18.1 eV 21.2 eV 
Pure B1 6.3 eV 0.2 14.9 eV 21.2 eV 
Pure B2 5.6 eV 0.2 15.2 eV 20.8 eV 
Pure F 20.8 eV 0.03 0 eV 20.8 eV 
Super-pure G1 18.4 eV 0.02 2.04 eV 20.44 eV 
Super-pure G2 4.1 eV 0.14 16.3 eV  20.4 eV 
 
To sum up, the XPS study discussed herein show results with a clear relationship between 
deposited dose and enhancement of sp3 hybridisation. The D-values decrease (hence sp3 
hybridisation increase) with dose deposited in the samples. It is further clear from the above 
discussion and also with reference to the summary results of Table 22, showing the fitting 
parameter values for the various samples A (raw) to G (super-pure), that relation (8) provides 
for a threshold energy, the sum of each of the energy values leading to a mean value of (20.9 
r 0.3) eV. This can be related to the estimate of the group of Banhart (1997; 1999) for the 
threshold energy in the range of 15-20 eV that is required to displace a carbon atom in the 
walls of the SWCNTs. These results suggest the use of XPS to provide for a new technique 
for radiation dosimetry. However, as it is a surface analysis technique, this would seem to 
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limit the application to relatively low penetration radiation, potentially including alpha (for 
ultra-thin CNTs) and beta particles and low-energy photons. Thus said, the limitation points 
to considerable potential for the use of this novel soft tissue equivalent technique in 
estimating skin dose in personal dosimetry (noting that the previous work of Bardi (2017) has 
shown measurable effects at mGy levels) and when electrons or ions are used to treat 
superficial tumours. 
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Chapter 8 
8 Conclusion 
In its practice, radiotherapy, one of the major methods of cancer treatment, targets the 
cancerous cells with deposition of high/low-energy ionization radiation whilst seeking to 
minimize dose to the surrounding healthy tissue. Numerous methods and techniques have 
been introduced to control the dose distribution and minimize the dose to the surrounding 
healthy tissue, including IMRT (Intensity Modulated Radiation Therapy), IGRT (Image 
Guided Radiation Therapy), and heavy ion radiation. Generally, all radiotherapy treatment 
techniques are associated with and dependent on the performance of the radiation dosimetry 
system. In other words, dose delivery requires the support of a precise and accurate means of 
radiation dosimetry. For example, the small radiation beam produced by the IMRT technique 
requires a dosimetry system that is small in size (submillimetre) and of large dynamic range 
in order to verify the precision and accuracy of the delivered dose to the target. There has 
been much in the way of research to develop radiation dosimetry systems that meets Bragg-
Gray cavity theory requirements, while less effort has been paid for example in providing for 
a bone-tissue equivalent dosimetric medium that satisfies the theory. This research have 
sought to provide for both soft and calciferous tissues, developing novel passive dosimetry 
materials that meet the challenge of providing soft tissue and bone equivalent materials. The 
novelty within current research lies in studies on proton dosimetry and neutron dosimetry 
(using doped silica materials for TL investigations) and electron dosimetry (using carbon 
nanotubes for TL and XPS-based investigations). Optical fibres with a diameter of 126 µm 
have been used to determine the dose for proton and neutrons at therapeutic energies, while 
SWCNTs (single-wall carbon nanotubes) in the form of buckypaper (with thickness ranging 
from ~ 10- to ~ 100 µm) have been developed along with a new technique, that of XPS, for 
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dosimetry. It must be noted that this method has not been previously used and the study 
herein has therefore sought to characterise the various aspects needed in development of the 
methodology.   
 
With regards to protons, two situations were examined in the use of commercially available 
Ge-doped silica ﬁbres. The first situation was a modulated proton beam, wherein the depth-
dose profile was measured for a 62 MeV proton beam at high spatial resolution (0.1mm). 
Such resolution for point dose measurement is unsurpassed, as recorded in the various 
sources of literature, underlining the potential importance of the use of this proposed method. 
For an unmodulated beam, a similar methodology to that for the modulated beam was applied 
and showed similar capability for this material in providing for the high spatial resolution 
demands of a modern radiation therapy beam. This application could also be adopted to help 
determine the depth-dose profile for other types of radiation therapy beams. Moreover, for 
heavy charged-particles previous literature has drawn attention to the commonly shared issue 
of there being a quenching effect that results from the increasing ionization density of the 
radiation ﬁeld in the Bragg peak region. Judging from the obtained results for the silica fibres 
it has been evident that single exposures to a continuous collection of fibres aligned in a row 
can provide data profiles that accord well with expectation, saving a considerable amount of 
time when compared to point-by-point measurements of a parallel plate ionization chamber. 
In addition, the irradiated fibres with variations of up to 10% provide analogous performance 
to well established methods such as that of the LiF:Mg, Ti (TLD-100) phosphor-based 
medium. To sum up, one can conclude that the now established optical fibre method gives 
access to very high spatial resolution measurements, also offering high dynamic range, and is 
highly competitive to gold-standard methods such as the parallel plate ionization chambers. 
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Over and above rapid changes in dose-rate as above, previous Surrey scholars have also 
emphasized the significance of small size detectors with regard to challenging radiation field 
dimensions, this also being realised through investigations illustrating the effectiveness of 
glass (silica) bead dosimeters for applications in radiation dosimetry. Extending beyond this, 
a similar study to that carried out using protons was adopted to explore the depth-dose 
distributions for an Americium-Beryllium (241Am-Be) neutron source placed in a water tank. 
The silica beads used have a diameter of 1 mm, offering the highest spatial resolution neutron 
detection method to-date. The results achieved through use of such high-density spatially-
resolved detection of neutrons point to general agreement in shape with that obtained using 
Monte Carlo simulation. However, going beyond this, the exceptional spatial resolution has 
also discerned fine resolution spikes in intensity that have previously not been documented in 
the literature, a matter that clearly invites further investigation. 
 
The afore-mentioned work concentrated on silica-based media (optical fibres and glass 
beads) modeling effective atomic numbers closely equivalent to human tissue, in particular 
calcified tissues. The following discussion summarizes findings on the effects of electrons 
(beta particles) on the soft tissue equivalent material provided by single-wall carbon 
nanotubes (SWCNTs) in the form of free-standing buckypaper (with thicknesses down to that 
of human cells a10 µm). Different purity samples of single-wall carbon nanotubes, raw, pure 
and super pure were exposed to a strontium-90 source, allowing delivery of various doses to 
the samples, as follows: 0.21, 0.63, 1.05, 3.5 and 5.85 Gy. The first method explored was the 
conventional thermoluminescence technique, the SWCNT buckypaper showing a TL 
response that is proportional to the deposited doses. This line of investigation then progressed 
to that of investigation of the effect of radiation (in this case beta particles) on the structure of 
172 
 
SWCNTs. The X-ray photoelectron spectroscopy technique (XPS) was used to study the 
bonding orbitals in the lattice between the atoms of the carbon nanotubes.  
 
In regard to the above, the XPS technique was applied to the various samples before and 
post-irradiation, it becoming evident that this approach provides an alternative technique to 
that of TL, representing a novel dosimetric method, with the change in carbon orbital bonding 
from sp2 to sp3 (referred to as hybridization) investigated by the XPS. The change of the 
hybridization in the orbitals was found to increase exponentially with dose, whereby sp2 
decreases and sp3 increases. Further apparent has been that reduction in sp2 varies from 
sample-type to sample-type, being attributable to the level of impurity (raw, pure and super-
pure), thickness and roughness of the surface, all being factors that affect the sample as these 
are introduced in the process of preparation. The XPS study has shown a clear relationship to 
exist between the projected dose and enhancement of sp3 orbital hybridisation. The findings 
concern a surface analysis technique, the investigations currently being limited to low 
penetration radiations, beta particles specifically, although it is thought to also be applicable 
to alpha particles, heavy ions and low-energy photons. Thus said, the limitation indicates 
substantial potential for the use of this innovative soft tissue equivalent technique in 
providing accurate estimates for skin dose in personal dosimetry and when electrons/ions are 
used to treat superficial tumours. 
 
8.1 Future Work 
The work performed in this thesis has the potential to be enhanced through further study of 
the following issues: 
1. The buckypaper samples used in present study were developed at the University of 
Surrey using different impurities of carbon nanotubes in the form of powder, the 
173 
 
methods of preparation being altered to obtain different thicknesses for different 
levels of impurity (raw, pure and super-pure CNTs). The methods of preparation 
resulted in non-homogeneous samples and it might be expected that having 
homogeneous samples would improve the quality of results. While this might be 
solved by following a number of techniques that have been suggested in the literature, 
the purchase of commercially available samples could be more effective, not least 
saving money and time. Additionally, the purchase of samples from reputable 
producers and suppliers is surely important in allowing other researchers to obtain the 
same materials, semiconducting carbon nanotubes and metallic like SWCNTs being 
certainly available in the market, allowing conduct of similar studies and examination 
of the performance of different impurities. The thickness of the buckypaper samples 
needs to be considered when purchasing these semiconductors or metallic like 
samples. It might be useful to obtain samples with thickness in the micrometer range.  
2.  In highly preliminary work, carried out by the present investigator, a shift from sp2 to 
sp3 in orbital hybridization was witnessed in study of car-engine polymer coated 
wires. The wires were examined pre and post irradiation through use of the XPS 
technique. Thus, further investigations are needed to verify the change in 
hybridizations of the orbitals in such materials. 
3. During a study of the neutron depth-dose distribution using glass beads, samples of 
SWCNTs buckypaper were also irradiated and a TL signal was observed.  Detailed 
investigations should now be performed, also examining the structural effects on 
SWCNTs resulting from neutron irradiation. It may be noted that the effect of 
neutrons on graphite in power reactor systems suggest that such investigation using 
the XPS dosimetry technique could be important. Here it is worth mentioning that the 
degradation of a number of graphite properties has been noted to change 
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exponentially, being in line with that observed in regard to the shift of sp2 to sp3 in 
this research. 
4. Research is currently in progress to understand radiation damage on carbon nanotubes 
using Raman microspectrometry technique, a facility that is widely available.  While 
it is not suggested that the technique is preferable to study of sp2 to sp3 hybridization, 
however it could give other structural information which could enhance the finding of 
the XPS technique and help explain the cause of these shifts in the orbital 
hybridization. 
 
In the above, the research has somewhat widened the possible applications, the observed 
exponential change in SWCNTs in regard to bonding also having been described in the 
degradation of graphite properties that result from neutrons emitted by nuclear reactors. It is 
believed that this points to potentially exciting prospects for XPS dosimetry study of graphite 
moderators in power reactor systems. Also of pertinence is XPS dosimetry study of car-
engine polymer coated wires that are cross-linked by high dose electron irradiation (a a few 
hundred kGy) in order to withstand the elevated temperatures that such wiring will be 
exposed to over periods of many years. In both of these industrial applications, the medium 
under irradiation would become its own dosimeter, in the case of the polymer coatings 
leading to inherent self-validation of dose, an ultimate target in quality assurance terms. 
Finally, one other extension to present studies would be examination of spectral changes in 
use of Raman microspectrometry, and with this possibility of using a technique that is 
currently more widely available than access to XPS systems. In the wider terms, such 
investigations might also be expected to have important biomedical consequences, being 
matters that have yet to be understood. 
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This work addresses purpose-made thermoluminescence dosimeters (TLD) based on doped silica ﬁbres
and sol–gel nanoparticles, produced via Modiﬁed Chemical Vapour Deposition (MCVD) and wet chem-
istry techniques respectively. These seek to improve upon the versatility offered by conventional phos-
phor-based TLD forms such as that of doped LiF. Fabrication and irradiation-dependent factors are seen to
produce defects of differing origin, inﬂuencing the luminescence of the media. In coming to a close, we
illustrate the utility of Ge-doped silica media for ionizing radiation dosimetry, ﬁrst showing results from
gamma-irradiated Ag-decorated nanoparticles, in the particular instance pointing to an extended dy-
namic range of dose. For the ﬁbres, at radiotherapy dose levels, we show high spatial resolution (0.1 mm)
depth-dose results for proton irradiations. For novel microstructured ﬁbres (photonic crystal ﬁbres, PCFs)
we show ﬁrst results from a study of undisturbed and technologically modiﬁed naturally occurring
radioactivity environments, measuring doses of some 10 s of μGy over a period of several months.
& 2016 Elsevier Ltd. All rights reserved.1. Introduction
Over the past three years we have been exploring the asso-
ciation between design and performance of silica-based media,
our interest being in the utility of the latter in sensing ionizing, University of Surrey, Guild-
dley).radiation and in radiation dosimetry. Our efforts stem from earlier
adventitious use of commercially available Ge-doped single mode
telecommunication ﬁbres (SMF) in such applications, the design of
these being entirely unrelated to the needs to which the ﬁbres
were put. The SMFs, as well as other telecommunication ﬁbres
such as multi-mode ﬁbres (MMF) and variants of these including
Bragg gratings, are fabricated from low-defect silica, as an ex-
ample, very pure SiO2 in the form of Suprasil F300, a product of
Heraeus (Hanau, Germany). Doped ﬁbre fabrication starts from a
(D.A. Bradley et al. / Radiation Physics and Chemistry 137 (2017) 37–4438hollow capillary (of a few cm diameter), doped using the Modiﬁed
Chemical Vapour Deposition (MCVD) process. This process re-
quires the introduction of gases (typically germanium tetra-
chloride, GeCl4, and silicon tetrachloride, SiCl4) into a rotating
hollow silica capillary, at the same time applying highly elevated
temperatures, typically between 1800- and 2100 °C, to allow a
deformable material and the deposition on the inner walls of SiO2
and Ge2O3. The preform resulting from this MCVD process can
then be pulled into ﬁne diameter (∼0.1 mm) cylindrical ﬁbres, a
form typically used in telecommunications, again using elevated
temperatures to soften the silica. The pulling requires use of a rig
typically referred to as a pulling tower. For telecommunications
the extrinsic dopant creates a change in refractive index between
the boundary of the doped silica core and the silica cladding, light
within a particular band of wavelengths suffering total internal
refraction, transporting the light forward with very low losses
from as low as 0.2 dB km1 to perhaps ∼few dB km1.
The presence of defects extrinsically introduced into such sili-
ca-based insulator media provides for the trapping of electrons
that have been excited by incident radiation, with these then being
stored as a luminescence signal pending stimulated de-excitation.
Storage of the trapped electrons in such media is typically good,
providing integration of the irradiation-mediated signal, strongly
preserved over a period many orders of magnitude greater than
the duration of the exposure. The situation is imperfect, a fraction
of the trapped electrons spontaneously relaxing, due to sources of
ambient energy, a loss referred to as fading. The fractional loss of
TL signal depends on the depth of traps, deep traps (∼few eV)
suffering markedly less fading than more superﬁcial traps. Prac-
tical systems of readout through stimulated de-trapping can either
function through the application of heat, producing thermo-
luminescence (TL), or exposure to a controlled source of light,
producing optically stimulated luminescence, the emission spec-
trum that reﬂects the trapping levels being picked up by a pho-
tomultiplier tube. Such systems provide a passive form of detec-
tion, contrasting with active devices such as diodes or ionisation
chambers.
Present interest is in TL, a less favourable practical feature of
such systems is the lack of on-line monitoring capability. For a
well-behaved TL medium, one that can be used for radiation do-
simetry, it is desirable for the system to respond sensitively to the
radiation levels of interest and to provide TL yield linear with ra-
diation dose. The range over which this occurs is referred to as the
dynamic range. A highly sensitive medium points to lower limits
of detection, the tendency being for the available defects to be-
come occupied at relatively low doses. Indeed, we are currently
pursuing doses down to a small fraction of a mGy as will be shown
later. Conversely, the beneﬁt of a less sensitive dosimeter for a
particular source of radiation is that it can be used beyond the
upper limit of linearity of the more sensitive dosimeters. As such,
the question as to whether a dosimeter is considered good or poor
is ultimately linked to the level of dose and range of dose that one
wishes to detect, the arbiter of utility being whether it can be used
as a monitor of environmental radioactivity, accumulating annual
doses of as low as a few mGy, in dosimetry of synchrotron mi-
crobeam therapy beams delivering doses at a rate of the order of
10 kGy min1 (Abdul Rahman et al., 2010), or applied to radiation
processing facility dosimetry, with doses of 10 s of kGy delivered
over a period of an hour or less.
With this brief overview, it is perhaps clear that there exist a
number of issues that need to be addressed in seeking high per-
formance TL media. As an example, among the issues confronting
use of commercially available ﬁbres such as SMFs, are:
(i) undoped silica cladding, a low-defect unproductive compo-
nent that also acts to attenuate the TL signal exiting the dopedregion, as indeed will the doped volume itself (Nawi et al.,
2015);
(ii) dopant concentrations that yield sub-optimal TL levels;
iii) geometric formation that offers sub-optimal net TL yield;
(iv) a potential inhomogeneously doped medium, with additional
need to establish whether the ﬁbres yield the designed-for
dopant concentrations, measured using techniques such as
refractive index proﬁling (RIP), scanning electron microscope
energy-dispersive x-ray analysis (SEM-EDX) and also proton-
induced x-ray emission/proton-induced gamma emission
(PIXE/PIGE) techniques, the PIGE depending on nuclear reac-
tions and their analysis;
(v) light transmitted through the cladding depending on the in-
cident irradiation and spectra, trap depthsalso deﬁning the net
luminescence exiting the ﬁbre;
(vi) recognition that the thermal conductivity of SiO2, which while
not small, is less than that of LiF, pointing to potential need for
use of a temperature ramp-rate lower than that typically ap-
plied in use of phosphor dosimeters (LIF has a particularly high
thermal conductivity).
In regard to (vi), with ﬁbres popularly cut to 5 mm lengths for
ease of handling, to-date the ﬁbres have been read-out with their
long dimension in contact with the planchet (the heating plate of
the TL reader), not least allowing good thermal contact between
the heating plate and TL medium. With TL light transporting
preferentially along the ﬁbre, normal to the photomultiplier tube,
this sub-optimal readout situation has nevertheless been shown to
offer excellent capability for radiotherapy applications (with doses
from a fraction of a Gy to 10 s of Gy and beyond). A further issue in
design of silica ﬁbres is that the MCVD and ﬁbre pulling facilities
are expensive to establish and operate. Thus said, access to such
facilities provides for novel microstructured assemblies that offer
particularly high levels of sensitivity, a matter which we are pre-
sently testing at low (environmental) levels of dose, as will be
discussed towards the end of this article.
In what is to follow we review the MCVD-based fabrication
method and a wet-chemistry sol–gel nanoparticle approach that
offers lower costs of fabrication, summarizing what we know from
the characterization of defects and the radiation performance
parameters. We will then provide example situations, our choices
being limited by the length restrictions placed upon the invited
article.2. Silica production routes
Understanding the origin of luminescence from the various
silica ﬁbres involves study of instrinsic defects in the starting
material, as well as those that result from fabrication, eg strain-
related defects and extrinsic doping, and those that arise from
exposure to ionizing radiation, all existing in differing concentra-
tions and charge states. As intimated, commercial optical tele-
communication ﬁbers can lead to a poorly posed situation, the
fabrication parameters having been set up to provide for optimum
telecommunications. As such, the primary intent of the present
collaboration has been to work with preforms and ﬁbres based on
use of the MCVD process, in particular those that have been tai-
lored towards radiation detection, contrasting this route towards
production with the surface decorated nanoparticle sol–gel ap-
proach. The sol–gel route offers a very much cheaper processing
technique for production of doped glass developed for TL purposes
(Rivera et al., 2007a; Siti Shaﬁqah et al., 2015; Wang et al., 2012)
but as with the MCVD product it provides a solution that is not
entirely without issues, not least in seeking to obtaina closely si-
milar quality product from each production batch. The variant of
D.A. Bradley et al. / Radiation Physics and Chemistry 137 (2017) 37–44 39the sol gel technique of interest herein involves producing surface-
decorated/surface-coated silica nanoparticles, the surface decora-
tion/coating creating luminescence centres. Herein we report on
production of Ag-doped silica nanoparticles. Our analytical ap-
proaches in investigating the utility of the two forms of doped
silica media involve:
1. elemental composition and morphological studies, to-date the
sol–gel media being limited to use of SEM-EDX and x-ray dif-
fraction (XRD);
2. defects characterization via optical properties (UV–vis, Raman
spectroscopy, photoluminescence spectrometry, RIP and X-ray
photo spectroscopy, XPS), to-date limited to the optical ﬁbers;
3. dosimetric performance, for the MCVD ﬁbres including the
challenging situations of exposure to alpha particles and neu-
trons in aqueous environments.
Given article length restrictions and noting that previous
publications by this group have detailed results from optical and
ionizing radiation spectroscopies, we choose here to limit mate-
rials analysis results to those arising from use of XRD for the sol gel
media. SiO2, be it crystalline (e.g. quartz, coesite, moganite) or
amorphous (e.g. opal, hyalite, and silica glass, the latter being the
mainfocus of our interest), is formed of a 3D network of four
oxygen atoms surrounding each Si ion. The amorphous oxide lat-
tice closely matches siliconin size, the tetrahedral structure
bonding Si by sharing oxygen atoms in a six-membered ring
(Fig. 1).
The physical properties of SiO2 include:
i. high melting point, ∼1700 °C, the silicon–oxygen covalent
bonds throughout the structure needing to be ruptured before
melting occurs;
ii. being an insulator, with electrons tightly held between atoms;
iii. being insoluble in water and organics solvents, of particular
interest for in vivo applications and those involving aqueous
environments.
Defects underpin the mechanism of TL, the electrons and holes
released by radiation being trapped at defect sites, giving rise to
optical absorption and luminescence (Chen and Mckeever, 1997).
Notwithstanding the many types of defects in silica, present in-
terest concerns those causing signiﬁcant TL, intrinsic and extrinsic.
Prime examples of the intrinsic are the broken or dangling bond,
the oxygen/silica deﬁcient centre and the self-trapped exciton. The
former are dangling orbitals populated by unpaired electrons,
detectable through electron spin resonance (ESR) (Jafari et al.,
2014). Non-bridging oxygen gives rise to oxygen dangling bonds
(potential hole traps) and empty Si orbitals. The oxygen broken
bonds have been identiﬁed to be the source of 7.6 eV absorptionFig. 1. (a) silica molecule; (b) 6-membered ring lattice of silica molecules (which, while too deep for direct TL readout, is nevertheless po-
tentially accessible by photo-transferred TL, PTTL; (see Zulkepely
et al., 2015). Expected to be present in as-grown materials, as in
silica, the broken bonds are also readily created by ionizing ra-
diation. In disrupted SiO2 tetrahedrathe absence of oxygen or si-
licon atoms creates oxygen deﬁcient and silicon deﬁcient defects.
The oxygen-deﬁcient centre (ODC), familiarly designated E′, is
representative of ≡Si–Si≡with Si–Si indicating electron bonding in
a chemical reaction. Analysis of the E′ centre indicates the pre-
sence of an unpaired spin, localized at the sp3 orbital of the silicon
atom, with orbital orientation towards the oxygen vacancy posi-
tion (Silsbee, 1961). If two adjacent silicon atoms relax asymme-
trically, the most likely occurrence in vitreous glass givenits inherit
asymmetry, then one electron can stabilize itself on one of the
silicon atoms (Beall Fowler and Edwards, 1997). ESR studies in
silica glass have shown the same E′ structure (Griscom, 1979). The
Si–Si centre is capable of forming a hole–trap (Tsai et al., 1988). At
annealing temperatures the E′ centre can transform into a Si–Si
centre, while at even greater temperature the Si–Si centres tend to
transform into excess silicon atoms in SiO2. These excess silicon
atoms will then no longer produce luminescence (Rebohle et al.,
1998).
In regard to the self-trapped exciton, when an electron is ex-
cited in a lattice it leaves a hole in the valence band. This electron
will experience a Coulombic interaction with the hole, screened by
ions and other electrons. The electron–hole pair, termed an ex-
citon, can propagate through the crystal. In SiO2, the electron–hole
pair is strongly bound due to the low dielectric constant of the
base compound. The presence of the self-trapped exciton in silica
leads to energy levels inside of the normal bandgap. Tsai et al.
(1988) have estimated the exciton binding energy in SiO2 to be
about 1.3 eV. Further, the existence of a photoluminescence (PL)
band at 440 nm in SiO2 supports the suggestion that excitons are
trapped in the SiO2 matrix, a phenomenon absent in an ideal
crystal. It is now accepted that the mechanism for this defect in
silica is motion of oxygenatoms in the crystal. The motion, ﬁrst
proposed by (Fisher et al., 1990) is an oxygen atom rotation about
another Si–O bond of a neighboring silicon atom. This motion
causes a lattice distortion that signiﬁcantly changes the local en-
ergy level in the crystal.
In regard to extrinsic defects or impurity centres, when im-
purities are introduced into the SiO2 substrate it involves a model
in which the impurity centres become either substitutional atoms,
interstitial atoms or an impurity–intrinsic complex, with any of
these being present inside the material. Apart from the possibility
of introducing a new luminescence band, impurity atoms might
also change the number of electron or hole traps or else provide
much deeper traps in the media. One of the main desirable
properties involving Ge impurities is its photosensitivity. Much
attention has been paid to the defect produced by theadapted from: http://www.iue.tuwien.ac.at/phd/ﬁlipovic/node26.html).
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(GODC). This defect is commonly considered to be responsible for
the changes in the refractive index in germanosilicate glass (Dia-
nov et al., 1996). Concerning the absorption optical activity of
these germanium related defects, it has been observed to have
connection with the band peaks at 240 nm and 245 nm, referred
to as the GODC and NOV (neutral oxygen vacancy) respectively.
These two defects have sometimes been assigned to the wrong
bond, such as Ge–Ge, Si–Ge, rather than the usual Si–O–Ge bond in
Ge-doped-silica media. It is found that these defects can be
bleached with UV irradiation, producing defects such as GeE′, Ge
(1) and Ge (2). GeE′, Ge (1) and Ge (2) are the most common Ge
related paramagnetic defects that can be detected by electron
paramagnetic resonance (EPR) in irradiated Ge-doped silica media.
The GeE′ is representative of (≡Ge), associated with an absorption
band at 6.2–6.4 eV. The Ge (1) defect consists of an electron
trapped at the site of a substitutional 4-fold coordinated Ge pre-
cursor (GeO4) (Chiodini et al., 1999; Neustruev, 1994; Pacchioni
and Mazzeo, 2000), attributed to the absorption band at
4.4–4.6 eV. The Ge (2) defect is assigned as ionized twofold co-
ordinated Ge (¼Ge). Based on EPR analysis, the presence of GeE,
Ge (1) and Ge (2) are found to be in the region g¼1.9937, 1.9933
and 1.9866 respectively.
The photosensitivity of Ge-doped silica material is found to be
correlated with a defect observed in the photoluminescence
spectrum, known as the Ge Lone Pair Centre (GLPC) with micro-
scopic structure that has been illustrated to be similar to the Ge
(2) defect. This defect can be observed in two band peaks in the
photoluminescence spectrum, at 3.2 eV and 4.3 eV, with the ab-
sorption band referred to as transitions from a point defect ground
singlet state (S0) to the ﬁrst single state (S1) (Hosono et al., 1992;
Skuja, 1992).
2.1. Ge-doped optical ﬁber produced via MCVD technique
The ﬁbers used by us in TL studies have employed the MCVD
technique, produced in a high temperature environment using
GeCl4 and SiCl4 as the precursor (Jacqueline et al., 2004; Liu et al.,
1997; Mat-Sharif et al., 2013). The TL response of commercial SiO2
doped optical ﬁber has been investigated for photons (see for in-
stance, Abdul Rahman et al., 2011; Youssef et al., 2001), electrons
(e.g. Abdul Rahman et al., 2011; Hashim et al., 2009) and alphas
(e.g. Ramli et al., 2009) in each case showing considerable po-
tential in dosimetric applications. Abdulla et al. (2001a, 2001b)
carried out a study on commercially available Ge-doped optical
ﬁber using a gamma source, the response being found to be linear
from 1–120 Gy. Under electron irradiations, the Ge-doped ﬁbers
were shown to have a TL response superior to that of Al doped
optical ﬁber, with linearity over the range of doses 0.02–0.24 Gy
(Yaakob et al., 2011), tying in with the fact that Ge in the core
allows increase in the value of the refractive index due to the
photosensitivity.
Developments beyond the commercially available tele-
communication ﬁbre, also obtained using the MCVD technique,
have included fabrication of hollow cylindrical ﬁbres, collapsed
ﬁbres, photonic crystal ﬁbres and ﬂat ﬁbres, with various Ge do-
pant concentrations extrinsically introduced and with various di-
mensions. As an instance, Ghomeishi et al. (2015) have in-
vestigated three types of Ge-doped optical ﬁbres: conventional
cylindrical ﬁbre, capillary ﬁbre, and ﬂat ﬁbre, all fabricated using
the same optical ﬁbre preform. For electron and photon irradiated
ﬁbres at doses from 0.5 to 8 Gy, the results show for capillary ﬁbre
collapsed into a ﬂat shape that the TL yield is increased by a factor
of 5.5, also some 3.2 times that of the cylindrical ﬁbre. This sug-
gests a strain-generated means of production of suitably sensitive
TLD for in-vivo dosimeter applications, with changes in the form ofglow curve also being noted. Begum et al. (2015) have also been
among those who have shown that the sensitivity of FF constructs
can be made to be competitive with phosphor-based TLD, in the
particular case that of TLD-100 and TLD-700 (doped LiF). Further
investigations have concentrated on novel microstructured ﬁbres,
one example being the photonic crystal ﬁbre (PCF), produced by
what is referred to as a stack and draw method (multiple doped
ﬁbres stacked together, as for example in a hexagonal array and
then pulled into a ﬁne ﬁbre form), the TL arising from the dopant
(Ge and B as an example) and induced strains (Dermosesian et al.,
2015). Here, an interesting question concerns whether methods
might be developed that could apportion the fractional TL yield
due to the strain-related defects and extrinsic dopant(s). Glow
curve analysis would seem to hold the key to this. The report of
Dermosesian et al. shows that PCFs can markedly improve upon
the sensitivity of an SMF, in one instance by a factor of some 30 .
2.2. The sol–gel technique
Chemical precursors are applied in this low temperature tech-
nique, providing a means of producing ceramics and glasses with
purity and homogeneity greater than that achievable using the
conventional high temperature MCVD technique. The method has
been used to produce a wide range of compositions, mostly oxides,
in various forms including powders (Rivera et al., 2007b, 2007c),
ﬁllers (Wen and Mark, 1994), coatings (Kurz et al., 2006; Natsume
and Sakata, 2000) and thin ﬁlms (Kajitvichyanukul et al., 2005;
Marikkannan et al., 2015).The technique starts from mixtures of a
chemical solution, the precursors acting as the source of elements
to be incorporated into the ﬁnal product. The most common pre-
cursor used for silica glass is tetraethylorthosilicate, Si(OC2H5)4,
commonly referred to as TEOS. The main chemicals in the mixture
are then made to undergo chemical processes with the intent of
forming a colloidal suspension known as sol. After going through a
sequence of chemical reactions the sol stiffens to form a gel, sub-
sequently heated and dried to form solid (sometimes as powders).
In fabrication, Dabbaghian et al. (2010) found ethanol co-solvent to
have the most signiﬁcant effect on particle size and size distribution
of the synthesized silica nanoparticles. Park et al. (2002) reported
that smaller sized silica particles can be obtained by employing a
small ratio of ethanol in the mixture. The synthesis of mono-dis-
persed silica particles have been explained in detail by Bogush et al.
(1988). To-date, most TLDs in nanoparticle form have been made of
ceramics such as ZrO2 and ZnS. Purpose-made for TLD studies, these
have been demonstrated to have good performance under UV light
(Azorín et al., 2005). Fewer studies have reported on the TL re-
sponse of silica nanoparticles, Carvalho et al. (2010) reporting on
the TL response to gamma rays of natural quartz at nm particle size
and Mendoza-Anaya et al. (2003) discussing the TL performance of
pure silica nanoparticles, comparing these with Fe and Cu-doped
material. Pandey et al. (2004) investigated TL from pure silica na-
noparticles supported by results from photoluminescence spectro-
scopy for defect characterization.
2.2.1. Ag-doped silica nanoparticles
In what is to follow we abbreviate nanoparticles to Np and
focus on Ag as the dopant of interest. Elsewhere, CdS and ZnS have
been doped with Ag (Tiwari et al., 2014), the TL intensity in-
creasing with increase in UV exposure time, indicative of TLD
potential. The use of Ag nanoparticles in ZnO2 has resulted in
modiﬁcation of the kinetic parameters, inducing a shift of the TL
temperature towards higher values (Villa-Sanchéz et al., 2007),
being of particular importance in ensuring a low fading rate of the
stored TL signal.
One concern in introducing dopants into SiO2 in the form of
molten glass is the solubility. While in principle any element can
Fig. 2. Example XRD pattern of silica Nps, the broad peak indicating the silica
nanoparticles to be in an amorphous state.
Table 1
Mean particle size (71s) silica nanoparticles (Siti Shaﬁqah et al.,
2015).
Sample Mean particle size (nm)
E5 o10
E10 80718
E20 140717
E30 55079
Fig. 4. Mass-normalised nanoparticles TL as a function of radiation dose, the table
below (Table 1) providing information on particle size (Siti Shaﬁqah et al., 2015).
Fig. 5. TL response of pure silica and Ag doped sample within dose range 1–500 Gy.
The variation in TL yield and error bars of relatively large magnitude are indicative
of the control issues needing to be confronted in product generation.
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of Ag in SiO2 is advantageous, SiO2 reducing the tendency towards
Ag Np agglomeration, important in achieving mono-dispersal of
the AgNp. There is already a good deal of experience in in working
with Ag nanoparticles. As an example, coating of nanoparticles of
this metal with a SiO2 shell has been studied in attempts to en-
hance colloidal and chemical stability (Niitsoo and Couzis, 2011).
SiO2 coatings have also been successfully produced in forming a
controlled dielectric environment around the AgNp, improving
precision in surface plasmon resonance (SPR) sensing. Ag-doped
SiO2 has also been applied in surface enhanced Raman scattering
(SERS), with Ag as one of the plasmonic materials, light excitation
enhancing the local electromagnetic ﬁeld (Feng Xian Liu et al.,
2001; Long et al., 2012). In Fig. 2, the Cu Kα XRD pattern shows a
broad distribution peaking at 2θ¼23°, indicating successful pro-
duction of amorphous silica and agreeing with others (Gorji et al.,
2012; Tabatabaei et al., 2006).
The results of Fig. 3 reveal crystalline peaks for the Ag-doped
medium, at 2θ¼38.2, 44.4, 64.7 and 77.5°, conﬁrming the pre-
sence of Ag nanoparticles in agreement with others (Hilonga et al.,
2012; Mie et al., 2014; Torres et al., 2007) (Table 1).
In Fig. 4, it is apparent that particle size manifestly inﬂuences the
TL properties of the silica nanoparticles, smaller particles, with pro-
portionately greater surface area, exhibiting the greater TL yield
compared to that of larger samples (Siti Shaﬁqah et al., 2015). As such,
there are a proportionately greater number of light-emitting ions on
the surface. The TL response of the nanoparticles increases with dose,
pointing to the possibility of using silica nanoparticle powder as a
dosimetric base-material. Mendoza-Anaya et al. (2003) report silica
gel glow peaks to achieve an intensity maximum at much lower
temperature compared to present results, indicative of a potential for
enhanced TL performance in using present nanoparticle samples.
With Ag as the extrinsic impurity, effects are revealed in Fig. 5
that contrast with the use of Ge, one similarity being that withFig. 3. XRD patterns for Ag-doped silica nanospheres, with crystalline peaks re-
vealing AgNp within the structure of the pure silica base media.both Ag- and Ge-dopants saturation appears at much greater dose,
beyond 500 Gy, compared to that of pure silica samples. For the
latter, saturation starts at around 300 Gy. For present samples the
AgNps reduce the TL signal, with response less than that of the
pure silica samples. Here the Ag multilayer coating the silica sur-
face acts not only as a promoter of TL yield on the silica nano-
particles surface but also as an attenuator, absorbing and scatter-
ing a fraction of the incident radiation. Additionally, the layer acts
as an inhibitor, reducing the efﬁciency for transport of TL from the
silica nanoparticle surface. Thus said, a particularly attractive fea-
ture of the Ag is the extended dynamic range, providing greater
versatility of the Ag-doped medium in radiation technology ap-
plications at elevated doses, as are found in radiation processing.
3. Examples of ﬁbre TL applications
Here we choose two situations, the ﬁrst being that of modu-
lated and unmodulated proton beams, illustrating the considerable
Fig. 7. TL response of collapsed PCFs and phosphor TLDs subjected to 80 kVp X-ray
irradiation. The inset depicts the TL response of the PCFs and TLD-100 in the ab-
sence of TL-200 data.
Table 2
Location coordinates outside the particular Plant (Tikpangi Kolo et al., 2015).
Sampling ID Coordinates Distance (in km) from plant site
Latitude, N Longitude, E
L1 3° 59′ 52.4″ 103° 22′ 26.3″ 1
L2 3° 59′ 50.1″ 103° 22′ 25.6″ 1
L3 3° 59′ 35.4″ 103° 21′ 35.6″ 5
L4 3° 58′ 12.4″ 103° 24′ 32.2″ 5
L5 3° 50′ 12.4″ 103° 17′ 47.2″ 20
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dose measurements, in this case of a 62 MeV proton beam. Use
was made of commercial Ge-doped silica ﬁbres, purchased from
CorActive (Canada), the ﬁbres having a core diameter of 50 μm and
a cladding diameter of 125–127 μm. In order to use the ﬁbres, the
coating was ﬁrst carefully removed through use of a ﬁbre stripper
(Miller, USA). The ﬁbre was then cleaned to remove any residual
polymer. The product was then cut into small ﬁbre lengths of
approximately 0.370.1 cm, use being made of a scalpel.
The measurements (Fig. 6) were made in a thin window
(0.1 mm mica) water phantom, the irradiations being carried out
using the UK National Health Service Clatterbridge proton therapy
facility. The results have been compared against gold standard
parallel plate ionization chamber measurements. In measuring the
Bragg peak, the commonly observed issue of a quenching effect is
evident, with a decreased response with increasing ionization
density of the radiation ﬁeld. This dose underestimation in the
Bragg peak of heavy charged-particles (Rah et al. 2012), also re-
ferred to as the quenching effect (Azangwe et al. 2014), has been
reported most for chemical dosimeters such as ﬁlm, poly-
acrylamide gels (PAG), Fricke gels, PRESAGEs, and alanine (Doran
et al. 2015; Baldock et al. 2010 and Gustavsson et al. 2004). This
phenomenon is not yet fully understood; high-dose saturation, ion-
recombination and track structure theory are among the possible
explanations, as discussed by Gustavsson et al. (2004); Jirasek and
Duzenli (2002); Katz (1978); Zhao et al. (2012) and Gorjiara et al.
(2012). More detailed investigations are ongoing, the present work
simply being to illustrate the utility of the ﬁbres. From this pre-
liminary study it is evident that:
 Data for the proﬁle can be obtained in a single exposure, saving
considerable beam time, a matter contrary to the experience in
making use of a parallel plate ionization chamber for point-by-
point measurements;
 Very high resolution range veriﬁcation is to be had;0
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Fig. 6. Depth dose distribution of a modulated and un-modulated 62 MeV proton
beam. The upper graph shows the outcome for an undmodulated beam, the parallel
plate ion chamber achieving the predicted peak to plateau ratio of some 5:1 while
the ﬁbres approach a ratio of 4:1. The lower graph shows the outcome for a
modulated beam, the ﬁbres producing a range that closely agrees with parallel
plate ion chamber measurements. The irradiated ﬁbres show variations about the mean of up to
710%, an outcome that is highly competitive with results ob-
tainable using the well-established LiF: Mg, Ti (TLD-100)
phosphor-based medium.
The graphed results of Fig. 7 relate to the second set of situa-
tions, showing mass-normalised data from irradations of ﬁbres of
various form and also of phosphor-based TLDs, obtained using a
tube x-ray facility (model ERESCO 200 MF4-RW) located at the
Physics Department of the University of Malaya. For present work
the tube x-ray facility was operated at 80 kVp nominal tube po-
tential, with doses to the samples ranging from 0.5 mGy to
10 mGy, veriﬁed through use of a calibrated ionisation chamber.
The ﬁbre results are for doped PCFs (Ge and B doped), PCFc_Ge and
PCFc_B, the subscript c indicating that under the action of a va-
cuum, the ﬁbres has been collaped down from hollow bores into a
solid assembly (see for instance, Ghomeishi et al., 2015; Dermo-
sesian et al., 2015), inducing strain-related defects and thus ad-
ditional TL sensitivity. The inset shows the sensitivity of the PCFs
to greatly exceed that of TLD-100 (a doped LiF medium) while the
main ﬁgure illustrates the sensitivity of TLD-200 (CaF2:Dy) phos-
phor, a material notable for its ability to sense environmental le-
vels. Under the well controlled situation of x-ray irradiations, the
senstivity of TLD-200 is seen to out perform the present capability
of our PCF media. It is to be noted that at calibrated doses the
individual TLDs have been selected to provide uniform response to
within 75% of the mean TL yield.
We have subsequently tested the various media under ﬁeld
conditions, locating the media in glass containment in soil at a site
that is known to be marginally affected by technologically en-
hanced levels of naturally occurring radioactive material (TE-
NORM). The dosimeters were buried in soil at 20 cm depth, as
shown in Table 2 and left there for periods from two to four
Fig. 8. Mass normalized TL yield for collapsed PCFs and phosphor TLDs. R1 refers to the ﬁrst sample collection (2 months post-burial) and R2 to the second sample collection
(4 months post-burial). The ﬁve sampling locations, L1 to L5, are identiﬁed in Table 2.
Fig. 9. The glow curve of PCFs obtained in burial at location L1 for the ﬁrst sample
collection (R1) and second sample collection (R2).
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11 nGy/h correspond to a dose of ∼32 μGy over a four month
period (Tikpangi Kolo et al., 2015). Samples of each type of TLD
were collected two and four months after burial (with R1 re-
presenting the ﬁrst sample collection and R2 the second sample
collection).
The results, in histogram form (Fig. 8), are accompanied by
glow curves for the various TL media (Fig. 9), soils analysis at the
ﬁve speciﬁc locations including high-resolution gamma-spectro-
metry using a shielded high-purity Ge (HPGe) detector. The choice
of locations were guided by the gamma-spectrometry analysis and
hand-held survey meter ﬁndings, obtained regularly over a two-
year period, identifying potential elevations (of a factor of up to 2)
of NORM over undisturbed soil values (sampling location L1, L2, L3
offering particular examples). For the second sample collection
(R2), the TLD results are typically greater than those from ﬁrst
sample collection (R1). The PCFc_Ge samples offer greater TL yield
compared to the PCFc_GeB, the converse of that found in using
80 kVp X-ray irradiations, a matter linked to the differing energy
response of the two ﬁbre types for the two very different spectral
distributions (80 kVp x-rays and NORM). In line with the broad
indication offered by the x-ray tube irradiatons, TLD-100 offers a
lesser response compared to the PCFs, as expected, while the TLD-
200 falls short of the indicative relative sensitivity recorded for the
other media in use of 80 kVp calibrations. As expected, the PCF
dosimeters provide sensitive measurement, unaffected by moist-
ure, while the degraded in-ﬁeld performance of the TLD-200
phosphor accords with evidence of moisture intrusion.In Fig. 9, the glow curves for R2 for both PCFs are seen to be of
manifestly greater intensity than R1 data. As futher observed in
the histogram of TL yields of for example the L1 sampling location,
PCFc_Ge offers the greater TL yield compared to PCFc_GeB. For R2
data, the peak maximum is observed to occur between 255 to
260 °C for both PCFs. The glow curves for the PCFs show the be-
ginning of a high temperature shoulder indicative of strain-related
defects.4. Conclusions
The collaboration whose work is represented herein have made
progress towards understanding a number of the major issues
guiding development of silica based media for TLD. We have dis-
cussed fabrication issues and how these can inﬂuence defect types
and concentrations. We have subsequently illustrated the discus-
sion by providing examples from our most recent TLD results,
pointing to the potentials of such media.Acknowledgement
The authors are grateful for a University of Malaya – Ministry of
Higher Education of Malaysia UM – MOHE High Impact Research
Grant UM.C/625/1/HIR/33. Fig. 4 and Table 1 are reprinted from
Publication ‘Effect of particle size on the thermoluminescence (TL)
response of silica nanoparticles’, Radiation Physics and Chemistry,
RPCD1500220, http://doi.org/10.1016/j.radphyschem.2015.08.004,
with permission from Elsevier.References
Abdul Rahman, A.T., Bradley, D.A., Doran, S.J., Brochard, Thierry, Bräuer-Krisch, Elke,
Bravin, A., 2010. The thermoluminescence response of Ge-doped silica ﬁbres for
synchrotron microbeam radiation therapy dosimetry. Nucl. Instrum. Methods
Phys. Res. A 619, 167–170.
Abdul Rahman, A.T., Nisbet, A., Bradley, D.A., 2011. Dose-rate and the reciprocity
law: TL response of Ge-doped SiO2 optical ﬁbers at therapeutic radiation doses.
Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip.
652, 891–895.
Abdulla, Y., Amin, Y., Bradley, D., 2001a. The effect of dose and annealing on TL
sensitivity of germanium and erbium doped optical ﬁbres. J. Fiz. Malays. 22,
49–53.
Abdulla, Y.A., Amin, Y.M., Bradley, D.A., 2001b. The thermoluminescence response
of Ge-doped optical ﬁbre subjected to photon irradiation. Radiat. Phys. Chem.
61, 409–410.
Azangwe, G., Grochowska, P., Georg, D., Izewska, J., Hopfgartner, J., Lechner, W.,
D.A. Bradley et al. / Radiation Physics and Chemistry 137 (2017) 37–4444Andersen, N.F., Beierholm, A.R., Helt-Hansen, J., Mizuno, H., Fukumura, A., Ya-
jima, K., Gouldstone, C., Sharpe, P., Meghzifene, A., Palmans, H., 2014. Detector
to detector corrections: a comprehensive experimental study of detector spe-
ciﬁc correction factors for beam output measurements for small radiotherapy
beams. Med. Phys. 41 (7), 072103. http://dx.doi.org/10.1118/1.4883795.
Azorín, J., Rivera, T., Furetta, C., Sánchez-Rodríguez, A., 2005. Ultraviolet induced
thermoluminescence in gadolinium-doped zirconium oxide ﬁlms. Mater. Sci.
Forum 480–481, 145–148.
Baldock, C., De Deene, Y., Doran, S., Ibbott, G., Jirasek, A., Lepage, M., McAuley, K.B.,
Oldham, M., Schreiner, L.J., 2010. Polymer gel dosimetry. Phys. Med. Biol. 55,
R1–63.
Beall Fowler, W., Edwards, A.H., 1997. Theory of defects and defect processes in
silicon dioxide. J. Non-Cryst. Solids 222, 33–41.
Bogush, G.H., Tracy, M.A., Zukoski IV, C.F., 1988. Preparation of monodisperse silica
particles: control of size and mass fraction. J. Non-Cryst. Solids 104, 95–106.
Carvalho Jr, Á.B., de, Guzzo, P.L., Sullasi, H.L., Khoury, H.J., 2010. Effect of particle size
in the TL response of natural quartz sensitized by high dose of gamma radiation
and heat-treatments. Mater. Res. 13, 265–271.
Chen, R., Mckeever, S.W., 1997. Theory of Thermoluminescence and Related Phe-
nomena. World Scientiﬁc Publishing Co Pte Ltd, Singapore.
Chiodini, N., Meinardi, F., Morazzoni, F., Paleari, A., Scotti, R., 1999. Optical transi-
tions of paramagnetic Ge sites created by x-ray irradiation of oxygen-defect-
free Ge-doped by the sol–gel method. Phys. Rev. B 60, 2429–2435.
Dabbaghian, M.A., Babalou, A.A., Hadi, P., Jannatdoust, E., 2010. A parametric study
of the synthesis of silica nanoparticles via sol–gel precipitation method. Int. J.
Nanosci. Nanotechnol. 6, 104–113.
Dianov, E.M., Starodubov, D.S., Vasiliev, S.A., Frolov, A.A., Medvedkov, O.I., 1996.
Near-UV photosensitivity of germanosilicate glass: application for ﬁber grating
fabrication. In: Conference Proceedings LEOS'96 9th Annual Meeting IEEE La-
sers and Electro-Optics Society. IEEE, pp. 374–375.
Doran, S.J., Gorjiara, T., Adamovics, J., Kuncic, Z., Kacperek, A., Baldock, C., 2015. The
quenching effect in PRESAGEs dosimetry of proton beams: is an empirical
correction feasible? J. Phys.: Conf. Ser. 573 012043 . http://dx.doi.org/10.1088/
1742-6596/573/1/012043.
Fisher, A.J., Hayes, W., Stoneham, A.M., 1990. Structure of the self-trapped exciton in
quartz. Phys. Rev. Lett. 64, 2667–2670.
Gorjiara, T., Kuncic, Z., Doran, S., Adamovics, J., Baldock, C., 2012. Water and tissue
equivalence of a new PRESAGE(s) formulation for 3D proton beam dosimetry:
a Monte Carlo study. Med. Phys. 39 (11), 7071–7079.
Gorji, B., Ghasri, M.R.A., Fazaeli, R., Niksirat, N., 2012. Synthesis and Characteriza-
tions of Silica Nanoparticles by a New Sol–Gel Method, vol. 26, pp. 22–26.
Griscom, D.L., 1979. E′ Center in glassy SiO2: microwave saturation properties and
conﬁrmation of the primary 29Si hyperﬁne structure. Phys. Rev. B 20,
1823–1834.
Gustavsson, H., Back, S., Lepage, M., Rintoul, L., Baldock, C., 2004. Development and
optimization of a 2-hydroxyethylacrylate MRI polymer gel dosimeter. Phys.
Med. Biol. 49, 227–241.
Hashim, S., Al-Ahbabi, S., Bradley, D. a, Webb, M., Jeynes, C., Ramli, a T., Wagiran, H.,
2009. The thermoluminescence response of doped SiO2 optical ﬁbres subjected
to photon and electron irradiations. Appl. Radiat. Isot. 67, 423–427.
Hilonga, A., Kim, J.-K., Sarawade, P.B., Quang, D.V., Shao, G., Elineema, G., Kim, H.T.,
2012. Silver-doped silica powder with antibacterial properties. Powder Technol.
215–216, 219–222.
Hosono, H., Abe, Y., Kinser, D.L., Weeks, R.A., Muta, K., Kawazoe, H., 1992. Nature
and origin of the 5-eV band in SiO2–GeO2 glasses. Phys. Rev. B 46, 11445–11451.
Jacqueline, Poumellec, A.-S., Chervin, B., Garcia-Blanco, J.C., Esnouf, S., Sa-Blanco, S.,
2004. Raman investigation of structural changes induced by e-beam irradiation
in Ge doped silica MCVD glasses. Mater. Sci. Eng. B 107, 46–52.
Jafari, S.M., Bradley, D.A., Gouldstone, C.A., Sharpe, P.H.G., Alalawi, A., Jordan, T.J.,
Clark, C.H., Nisbet, A., Spyrou, N.M., 2014. Low-cost commercial glass beads as
dosimeters in radiotherapy. Radiat. Phys. Chem. 97, 95–101.
Jirasek, A.I., Duzenli, C., 2002. Relative effectiveness of polyacrylamide gel dosi-
meters applied to proton beams: Fourier transform Raman observations and
track structure calculations. Med. Phys. 29, 569–577.
Katz, R., 1978. Track structure in radiobiology and in radiation protection. Nucl.
Track Detect. 2, 1–28.
Kajitvichyanukul, P., Ananpattarachai, J., Pongpom, S., 2005. Sol–gel preparation
and properties study of TiO2 thin ﬁlm for photocatalytic reduction of chromium
(VI) in photocatalysis process. Sci. Technol. Adv. Mater. 6, 352–358.
Kurz, A., Brakecha, K., Puetz, J., Aegerter, M.A., 2006. Strategies for novel trans-
parent conducting sol–gel oxide coatings. Thin Solid Films 502, 212–218.
Liu, F.X., Qian, J.Y., Wang, X.L., Liu, L., Ming, H., 1997. UV irradiation-induced defect
study of GeO2SiO2 glasses by Raman spectroscopy glasses by Raman spec-
troscopy. Phys. Rev. B 56, 3066–3071.
Marikkannan, M., Vishnukanthan, V., Vijayshankar, A., Mayandi, J., Pearce, J.M.,
2015. A novel synthesis of tin oxide thin ﬁlms by the sol–gel process for op-
toelectronic applications. AIP Adv. 5, 027122.Mat-Sharif, K.A., Zulkiﬂi, M.I., Muhamad-Yassin, S.Z., Tamchek, N., Aljamimi, S.M.,
Yusoff, A., Amin, Y.M., Shaﬁqah, S.A.S., Abdul-Rashid, H.A., 2013. Effect of GeCl
ﬂow ratio on Germanium incorporation in MCVD process. In: Proceedings of
the 2013 IEEE 4th International Conference on Photonics (ICP). IEEE, pp. 284–
287.
Mendoza-Anaya, D., Angeles, C., Salas, P., Rodríguez, R., Castaño, V.M., 2003. Na-
noparticle-enhanced thermoluminescence in silica gels. Nanotechnology 14,
L19–L22.
Mie, R., Samsudin, M.W., Din, L.B., Ahmad, A., Ibrahim, N., Adnan, S.N.A., 2014.
Synthesis of silver nanoparticles with antibacterial activity using the lichen
Parmotrema praesorediosum. Int. J. Nanomed. 9, 121–127.
Natsume, Y., Sakata, H., 2000. Zinc oxide ﬁlms prepared by sol–gel spin-coating.
Thin Solid Films 372, 30–36.
Neustruev, V.B., 1994. Colour centres in germanosilicate glass and optical ﬁbres. J.
Phys. Condens. Matter 6, 6901–6936.
Niitsoo, O., Couzis, A., 2011. Facile synthesis of silver core-silica shell composite
nanoparticles. J. Colloid Interface Sci. 354, 887–890.
Pacchioni, G., Mazzeo, C., 2000. Paramagnetic centers in Ge-doped silica: a ﬁrst-
principles study. Phys. Rev. B 62, 5452–5460.
Pandey, A., Sahare, P.D., Shahnawaz, Kanjilal, D., 2004. Thermoluminescence and
photoluminescence characteristics of sol–gel prepared pure and europium
doped silica glasses. J. Phys. D Appl. Phys. 37, 842–846.
Park, S.K., Kim, K., Do, Kim, H.T., 2002. Preparation of silica nanoparticles: de-
termination of the optimal synthesis conditions for small and uniform particles.
Colloids Surfaces A Physicochem. Eng. Asp. 197, 7–17.
Ramli, A.T., Bradley, D.A., Hashim, S., Wagiran, H., 2009. The thermoluminescence
response of doped SiO2 optical ﬁbres subjected to alpha-particle irradiation.
Appl. Radiat. Isot. 67, 428–432.
Rebohle, L., von Borany, J., Grötzschel, R., Markwitz, A., Schmidt, B., Tyschenko, I.E.,
Skoruba, W., Fröb, H., Leo, K., 1998. Strong blue and violet photo- and elec-
troluminescence from Ge- and Si-implanted silicon dioxide. Phys. Status Solidi
165, 31–35.
Rivera, T., Azorin, J., Barrera, M., Soto, A.M., 2007a. Nanostructural processing of
advanced thermoluminescent materials. Radiat. Eff. Defects Solids 162,
731–736.
Rivera, T., Furetta, C., Azorín, J., Barrera, M., Soto, A.M., 2007b. Thermoluminescence
(TL) of europium-doped ZrO2 obtained by sol–gel method. Radiat. Eff. Defects
Solids 162, 379–383.
Rivera, T., Olvera, L., Martínez, A., Molina, D., Azorín, J., Barrera, M., Soto, A.M., Sosa,
R., Furetta, C., 2007c. Thermoluminescence properties of copper doped zirco-
nium oxide for UVR dosimetry. Radiat. Meas. 42, 665–667.
Silsbee, R.H., 1961. Electron spin resonance in neutron-irradiated quartz. J. Appl.
Phys. 32, 1459.
Siti Shaﬁqah, A., Amin, Y., Md Nor, R., Bradley, D., 2015. Effect of particle size on the
thermoluminescence (TL) response of silica nanoparticles. Radiat. Phys. Chem.,
RPCD1500220
Skuja, L., 1992. Isoelectronic series of twofold coordinated Si, Ge, and Sn atoms in
glassy SiO2: a luminescence study. J. Non-Cryst. Solids 149, 77–95.
Tabatabaei, S., Shukohfar, a, Aghababazadeh, R., Mirhabibi, a, 2006. Experimental
study of the synthesis and characterisation of silica nanoparticles via the sol–
gel method. J. Phys. Conf. Ser. 26, 371–374.
Tiwari, R., Bala Taunk, P., Tamrakar, R.K., Swamy, N.K., Dubey, V., 2014. Synthesis,
characterization and thermoluminescence behavior of (Cd, Zn)S mixed phos-
phor doped with silver. Chalcogenide Lett. 11, 141–158.
Torres, V., Popa, M., Crespo, D., Calderón Moreno, J.M., 2007. Silver nanoprism
coatings on optical glass substrates. Microelectron. Eng. 84, 1665–1668.
Tsai, T.E., Griscom, D.L., Friebele, E.J., 1988. Mechanism of intrinsic Si E -center
photogeneration in high-purity silica. Phys. Rev. Lett. 61, 444–446.
Villa-Sanchéz, G., Mendoza-Anaya, D., Gutiérrez-Wing, C., Pérez-Hernández, R.,
González-Martínez, P.R., Ángeles-Chavez, C., 2007. Ag nanoparticle effects on
the thermoluminescent properties of monoclinic ZrO2 exposed to ultraviolet
and gamma radiation. Nanotechnology 18, 265703.
Wang, Q., Tie, C., Dai, K., 2012. Thermoluminescence of Al2O3 : Cr3þ ﬁlms synthe-
sized by the nonaqueous sol–gel method. Radiat. Eff. Defects Solids 167,
361–366.
Wen, J., Mark, J.E., 1994. Precipitation of silica-titania mixed-oxide ﬁllers into poly
(Dimethylsiloxane) networks. Rubber Chem. Technol. 67, 806–819.
Yaakob, N.H., Wagiran, H., Hossain, M.I., Ramli, A.T., Bradley, D.A., Hashim, S., Ali, H.,
2011. Thermoluminescence response of Ge- and Al-doped optical ﬁbers sub-
jected to low-dose electron irradiation. J. Nucl. Sci. Technol. 48, 1115–1117.
Zhao, L., Newton, J., Oldham, M., Das, I.J., Cheng, C.W., Adamovics, J., 2012. Feasi-
bility of using PRESAGEs for relative 3D dosimetry of small proton ﬁelds. Phys.
Med. Biol. 57, 431–443.
Zulkepely, N.N., Amin, Y.M., Md Nor, R., Bradley, D. a, Maah, M.J., Mat Nawi, S.N.,
Wahib, N.F., 2015. Preliminary results on the photo-transferred thermo-
luminescence from Ge-doped SiO2 optical ﬁber. Radiat. Phys. Chem. 117,
108–111.
Applied Radiation and Isotopes 117 (2016) 128–134Appendix BContents lists available at ScienceDirectApplied Radiation and Isotopeshttp://d
0969-80
n Corr
ford, Su
E-mjournal homepage: www.elsevier.com/locate/apradisoLatest developments in silica-based thermoluminescence
spectrometry and dosimetry
D.A. Bradley a,b,n, S.M. Jafari a,c, A.S. Siti Shaﬁqah d, N. Tamcheck e, A. Shutt f, Z. Siti Rozaila b,
S.F. Abdul Sani b, Siti Norbaini Sabtu b, Abdulaziz Alanazi a, G. Amouzad Mahdiraji g,
H.A. Abdul Rashid h, M.J. Maah i
a Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, UK
b Department of Physics, University of Malaya, 50603 Kuala Lumpur, Malaysia
c Radiotherapy Physics, Level B, Queen Alexandra Hospital, Portsmouth PO6 3LY, UK
d Department of Physics, Kuliyah of Science, International Islamic University Malaysia, 25200 Kuantan, Malaysia
e Department of Physics, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia
f Public Health England, CRCE, Chilton, Didcot, Oxon OX11 0RQ, UK
g Integrated Lightwave Research Group, Department of Electrical Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia
h Faculty of Engineering, Multimedia University, 2010 Cyberjaya, Selangor, Malaysia
i Department of Chemistry, University of Malaya, 50603 Kuala Lumpur, MalaysiaH I G H L I G H T S We provide a status report for our work on silica-doped media for TL dosimetry.
 The construction and performance of a TL emission spectra facility is described.
 Oxygen-rich/oxygen deﬁcient Ge-doped SiO2 defects/lattice relaxation phenomena are related to TL spectra.
 Ge-doped SiO2 are used to obtain high spatial-resolution Am–Be neutron source measurements.a r t i c l e i n f o
Article history:
Received 29 October 2015
Received in revised form
8 December 2015
Accepted 9 December 2015
Available online 22 December 2015
Keywords:
Dosimetry
Ge-doped silica ﬁbre
Thermoluminescence
Glass beads TLDsx.doi.org/10.1016/j.apradiso.2015.12.034
43/& 2015 Elsevier Ltd. All rights reserved.
esponding author at: Department of Physics
rrey GU2 7XH, UK.
ail address: d.a.bradley@surrey.ac.uk (D.A. Braa b s t r a c t
Using irradiated doped-silica preforms from which ﬁbres for thermoluminescence dosimetry applica-
tions can be fabricated we have carried out a range of luminescence studies, the TL yield of the ﬁbre
systems offering many advantages over conventional passive dosimetry types. In this paper we in-
vestigate such media, showing emission spectra for irradiated preforms and the TL response of glass
beads following irradiation to an 241Am–Be neutron source located in a tank of water, the glass ﬁbres and
beads offering the advantage of being able to be placed directly into liquid. The outcomes from these and
other lines of research are intended to inform development of doped silica radiation dosimeters of
versatile utility, extending from environmental evaluations through to clinical and industrial applica-
tions.
& 2015 Elsevier Ltd. All rights reserved.1. Introduction
Over the past three years the consortium effort that this work
represents has focused on developing small diameter (0.1 mm
through to ∼1 mm) GeO2 doped SiO2 glass ﬁbres for luminescence
dosimetry. For the same reasons, we have also investigated com-
mercial jewellery beads of various diameters (1–3 mm), with the
additional beneﬁt of reduced cost and robust utility. Both media, University of Surrey, Guild-
dley).are silica based, with compositional studies being carried out to
locate and quantify dopants within the silica; see for instance the
elemental analysis studies of beads, conducted by Jafari et al.
(2014a). The intention has been to produce high spatial resolution
thermoluminescence dosimeters (TL) for sensitive radiation
detection.
For the preforms from which the ﬁbres are produced, using a
custom-built spectrometer we show ﬁrst results for emission
wavelengths, revealing the predominant wavelengths to be to-
wards the blue end of the visible spectrum. In respect of TL yield,
we are seeking to deﬁne optimal concentrations of GeO2 in SiO2
ﬁbres, to-date the dopant concentration being incremented from
Fig. 1. Energy band model showing the electronic transitions in a TL material ac-
cording to a simple two-level model. (a) Generation of the electrons and holes;
(b) electron-hole trapping; (c) electron release due to thermal stimulation;
(d) recombination. The solid circles represent electrons, the open circles holes.
Level T is an electron trap, level R is a recombination centre, Ef is the Fermi level, Eg
is the energy band gap and E is the activation energy (referred to in the present text
as Ec). Taken from Bos et al. (2007).
Fig. 2. Modiﬁcation of the energy band structure of silica by impurity atoms (Ge) or
lattice irregularities in the silica glass that create localized electron states (energy
values all in eV). This ﬁgure was constructed with the help of available literature
(Randall, 1945; Skuja, 1992, 1998; Imai and Hirashim, 1994; Amossov and Ry-
baltovsky, 1994), showing the various possible defect energy levels in Ge doped
silica.
Table 1
Optical absorption and luminescence band defect centres in silica (Skuja, 1998)*
Defect acronym(s) Suggested-structur-
al model(s)
Position-of optical
absorption band
peaks (eV)
Peaks of PL
bands (eV)
D.A. Bradley et al. / Applied Radiation and Isotopes 117 (2016) 128–134 129that of standard telecommunication ﬁbres (∼4 mol%) up to some
12 mol%. At low dopant concentrations and minimal shape de-
formity the short-range SiO2 network suffers minimal strain.
Conversely, the interface between the pure SiO2 cladding and the
GeO2 doped silica network becoming increasingly strained with
increase in extrinsic doping and shape deformation. As reported
elsewhere (Abdul Sani et al., 2015a, 2015b), elevations of Ge do-
pant beyond 4 mol % tend to reduce TL yield, a result of con-
centration quenching, sometimes also referred to as self-absorp-
tion. The predominant focus of present work is on investigation of
the preforms from which the ﬁbres have been formed.
Using a standard TL reader, measurements of TL from an irra-
diated sample typically concern the emitted total light intensity,
the emission resulting from insulating/semiconductor material
containing defects, intrinsic and extrinsic. With present interest
being on Ge-doped silica preforms, attempts are made to measure
changes in emission resulting from changes in defect concentra-
tions. Our starting point in studying the TL glow curve is use of the
standard energy level description for defects in such media (Fig.1).
Although described for crystalline media, the model is also ap-
plicable to the short-range order of amorphous media, including
the silica studied herein (Bradley et al., 2014). The band model of
Fig. 1 is typically represented by Ec, the activation/conduction
energy, also referred to as the conduction energy, pointing to the
least energy needed to drive de-trapping, Ev the valence band
energy and Ef the Fermi energy.Si ODC(II), Ge ODC
(II)
Oxygen vacancy 6.8–7.0 4.2–4.3
B2(Si), Oxygen divacancy 4.95–5.05, 4.3–4.4
B2(Ge) Oxygen divacancy 5.1–5.4 4.3–4.4
Si02 dicoordinated Si/Ge 3.15 2.7–2.8
Ge02, Ge2þ dicoordinated Ge 3.7 3.0–3.2
Non-bridging-oxy-
gen hole centre
(NBOHC)
≡Si–O 4.8 1.85–1.95
* Skuja has commented on the continuing controversy over the basic structure
of ODCs (oxygen deﬁcient centres), with different naming conventions for ODCs as
a result of this, including ‘non-relaxed oxygen vacancy’, ‘defect of type oxygen
vacancy’, ‘divacancy’, ‘B2-centre’ and ‘silicon lone-pair center’ (SLPC) for ODC(II). PL
indicates photoluminescence.2. Energy band diagram
Optical activity concerns the absorption and luminescence
process. In the glass-matrix lattice, the extrinsically introduced Ge
atoms occupy interstitial or substitutional positions, the mod-
iﬁcation in bond energy allowing the donor electrons to move
freely from ion to ion. At 9 eV, the energy difference between
the valence and conduction band of silica is wide, as shown in
Fig. 2. When light energy is absorbed and if the absorbed energy is
sufﬁciently great, then electrons may be raised from groundenergy to the conduction band, giving rise to a current. At inter-
mediate energies, the electrons can be trapped by impurity atoms
(Ge in the present case) or lattice irregularities in the silica glass
that create localized electron states. These electron states normally
have very narrow energy level and are sometimes capable of
trapping electrons for long durations (from seconds to years). The
release of this energy in the form of photons are categorized in
terms of typical time scales, as in ﬂuorescence (107 s) and
phosphorescence (102 s). Our main interest is in the photon
emitted by the phosphorescence process, utilized in many appli-
cations. The localized energy states created by impurity atoms
have been the focus of many studies, detailed by among others,
Randall (1945), Skuja (1992, 1998), Imai and Hirashim (1994) and
Amossov and Rybaltovsky (1994), the outcome of these providing
for a broad summary of the energy levels for Ge-doped silica glass
(Fig. 2) and the signature absorption and luminescence bands or
colour centres (Table 1).3. Energy level of GeO2–SiO2 glass
In the extrinsic doping of an insulator or semiconductor the
point defects are produced as a mixture of vacancies (between
neighbouring atoms) and interstitials (with other atoms placed
between neighbouring lattice atoms). These will distort the
structure plane, altering compactness and local charge and strain.
The point defects produce colour centres as a result of the mod-
iﬁcation of electronic neutrality, line defects are from dislocations
D.A. Bradley et al. / Applied Radiation and Isotopes 117 (2016) 128–134130and area defects arise from for instance grain boundaries. These
are reﬂected in the standard energy level description of the host
material, as in the doping of silica by GeO2 (Fig. 2). Investigations
of such doped media are summarized in Table 1, the method of
investigation being identiﬁed therein. In present discussion we
will focus on study of the glow curves and emission spectrum,
examining in particular oxygen rich and oxygen deﬁcient GeO2
doped silica preforms.4. Samples preparation
The approach of the present group has been to develop oxygen
rich (sample P1) and oxygen deﬁcient (sample P2) preform sam-
ples, their preparation and optical spectroscopy characterisations
being described in detail by Tamchek et al. (2013) and Siti Shaﬁqah
et al. (2015).Fig. 4. Glow curve deconvolution analysis for sample P1 (oxygen rich).
Fig. 5. Glow curve deconvolution analysis for sample P2 (oxygen deﬁcient).
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P1 5. Experimental set-up for conventional glow curves
Glow curves were obtained using a Harshaw Model 3500
Manual TLD reader located in the University Malaya Radiation
Laboratory. The samples were pre-heated to 80 °C to remove the
thermally unstable luminescence component of the glow curve
and then subsequently heated to 400 °C at a rate of 10 °C/s. The
glow curves were then analyzed and deconvolved, starting with a
Voigt proﬁle from which it has been shown in the present case
that the Gaussian function can approximate the component peaks,
also allowing the peak central temperature and FWHM to be ap-
proximated, this being a limited approach discussed by among
others Alawiah et al. (2015). In this present case, the much smaller
Lorentzian contribution to the Voigt proﬁle has been neglected
The information was ﬁtted to the TL model proposed by Randall
and Wilkins, ergo obtaining the activation energy, Ec of the glow
curves (Fig. 1). One feature of the Randall and Wilkins ﬁrst-order
kinetic model is that the peak positions stay ﬁxed, while the
height of the peaks are directly proportional to the dose. An in-
house experimental set-up has been produced for thermo-
luminescence emission spectra analysis, as described below.
5.1. Experimental set-up for thermoluminescence emission spectra
Fig. 3 shows the experimental setup used in measuring theFig. 3. Set-up for thermoluminescence emission spectra.
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Fig. 6. Spectral analysis of samples P1 and P2. This shows the total intensity
emitted from the samples, adding individual photon counts for all temperatures
from room temperature up until 400 °C. Comparing the emission spectra, there is
an additional peak at 5.4 eV for sample P2. In addition, the intensity of P2 is some
12 times greater than that of P1. As shown in Table 3, P2 has the greater absor-
bance. From the peak energies, the emissions between 3.5 and 5.1 eV are related to
Si ODC(II), Ge ODC(II) while the emission above 5.4 eV are potentially related to the
B2(Ge) defect centre.emission spectra of heated samples. The whole system consists of
three main components: the heater chamber; the spectrograph
(wavelength/energy dispersive) and a high sensitivity CCD array.
This system has been designed to measure very low light in-
tensities, the sample being heated over a pre-determined interval.
Collection of the emission spectra from the sample was by means
of a large diameter (24 mm) collimation lens of focal length
Table 2
Some frequently reported luminescence bands found in quartz and silica. Indications of possible defect models are given.
Table 3
Calculated value of Ndef, α andW from absorption measurement (from Siti Shaﬁqah
et al., 2015).
Preform Peak (eV) Absorbance, α
(cm1)
Full-wave-half
maximum, W
(eV)
Defect concentration,
Ndef (11015 cm3)
P1 6.9 1.101 0.471 3.83
P2 5.1 3.492 0.565 14.63
6.8 2.174 0.844 13.61
Fig. 7. Emission spectrum Contour plot of P1. A relative heat (TL intensity) bar is
shown to the right.
Fig. 8. Emission spectrum contour plot of P2.
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spectrograph (monochromator) using a 600 μm core diameter
optical ﬁbre. Following dispersion of the spectra using a grating
groove of 150 g/mm that is capable of producing a spectral
bandwidth of 400 nm and spectral resolution of 0.4 nm, the
spectral information is acquired through use of a high sensitivity
cooled charge coupled detector (CCD) (Andor Technology, Model
iDUS DU401). The CCD has a pixel array of 1024128 at pixel size
2626 mm with a quantum efﬁciency of more than 95% in the
visible region (550 nm). When the CCD is cooled to 80 °C, thetotal dark current is about 0.001 electrons/pixel/s; the system light
sensitivity has been observed to be comparable with a conven-
tional photomultiplier tube. To reduce heat loss from the heater
ceramic, the heater chamber has been shielded by a double layer
copper cylinder insulated with glass wood, the heat capacity of the
former being 900 W with considerable heat conductivity of
100 W/(m K), allowing maximum heat transfer to the sample. In
the particular arrangement, to provide for accurate temperature
measurement of the sample, use has been made of an external
type K temperature probe attached to the top of the sample. The
temperature of the sample and the CCD are recorded and con-
trolled by a PC running custom-made automation software using
LabView (National Instruments).
The samples (control and irradiated) are placed in turn on the
heater and the heater chamber, the latter being purged with N2
gas to remove water vapour and to inhibit oxidation of the sample.
The choice has been made to heat the sample at the rate of 1.5 °C/s,
the emission spectra being recorded for about 250 s. The CCD is
used in the Photon Counting mode, accumulating the data at 5
the shutter duration of 150 ms. As such, the time taken for a single
acquisition, also allowing the sample temperature to stabilize, is
about 1 s/°C. The emission spectra have been corrected for back-
ground emission, ceramic heater blackbody radiation and CCD
Fig. 9. (a). 1 mm spatial resolution depth dose distribution obtained from an Am–Be neutron source in a water tank using 1 mm thick silica glass beads. (b) Visualization of
the lower part of the mathematical model for use in the Monte Carlo simulation. The dosimeters (red) are threaded onto nylon-66 thread (pink). The 241Am/Be source has a
Be–Am ﬁlling material (green) and a double skinned stainless steel casing (yellow). Water (blue) surrounds the source and dosimeter irradiation apparatus. (c) Neutron
source spectrum obtained from High Tech Sources 241Am/Be data sheet (HTS data sheets, 2006) used as source distribution in MCNPX simulation. (d) Three independent runs
of the MCNP Monte Carlo simulation, with the separate runs showing sharp peaks in the measured data to be re-obtained at the same approximate positions allowing for
small uncertainty in the position of the ﬁrst measurement point. Further investigations of this are underway but it is noted that the particular MCNP code used in simulating
the experiment did not include diffractional phenomena or account of the 59.54 keV gamma rays emitted from the 241Am source, the latter providing for some of the
fractional discrepancy in intensity. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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5.2. Peak temp (°C)
Figs. 4 and 5 show the glow curve results for samples P1 and P2
respectively. For P1, the deconvolved results show there to be two
peaks, the lower peak (peak 1) achieving a maximum yield at
234.8 °C, commensurate in using the Arrhenius equation with an
activation energy (Ec) of 0.4567 eV, while the upper peak (peak 2)
achieves a maximum yield at 328.5 °C, commensurate with an Ec
of 0.5035 eV. For P2, the single peak achieves a maximum yield at
315.6 °C, commensurate with an Ec of 0.5377 eV.6. Spectral analysis
Use has been made of the custom-built spectrograph pre-
viously described in analyzing the preform samples P1 and P2, the
results being shown in Fig. 6. It is found that the intensity of P2 is
some several times that of P1. Fuller interpretation can be had in
making calculation of the defects concentration (Table 3), use
being made of the Smakula formula (Smakula, 1930; Afanasyev-
Charkin et al., 1999), as follows:
( )= × + ∝N
n
n
U8. 7 10
2
if m
16
2 2
where, Ni is number of defects, f is the oscillator strength of the
optical transition, η is the refractive index of the sample, α is the
height of absorption coefﬁcient of the peak and U is the band
width (FWHM).
The TL yields were found to be in linear proportion with defect
concentrations. This leads to the prediction of a three to fourfold
increase in TL signal. Also apparent is that the TL emission is some
4–4.5 eV (Fig. 6), pointing to light of wavelength 290 nm, accord-
ing with the deep trapping levels shown in Tables 1 and 2 and
Fig. 2 (Khanlary et al., 1993).
The TL emission spectrum for sample P1 is shown in Fig. 7 as a
contour plot of temperature, energy and TL intensity. The main
dosimetric peak has an emission maximum between 3.9 and 4.5 eV;
there is additional evidence of the presence of more than one band
at energies above 6 eV. From the plot, the peak maximum at 3.90 eV
corresponds to a sample temperature of 187.7 °C. Another two
peaks of lesser intensity are observed at energies of 4.37 and
4.60 eV. Starting at 4.20 eV, with temperatures greater that of the
emission at 187.7 °C up to a maximum of 400 °C, the TL emission is
continuous. Defect analysis by Skuja (1998) has identiﬁed these
emission energies to be related to the oxygen vacancy and diva-
cancy, belonging to Si ODC (II), Ge ODC (II), B2(Si) and B2(Si).
The counterpart TL emission spectrum for sample P2 is shown
in Fig. 8, the emission spectrum running from 4.2 to 5.2 eV, with
an additional high energy band at 6 eV. The peak maximum was
found at 4.94 eV, the intensity also being much greater than that of
sample P1. Most importantly, this peak starts to emit at higher
temperature, at 368 °C, similar to that found during conventional
glow curve measurement. Using the defect analysis of Table 1, it is
apparent that this emission energy is related to oxygen divacancy,
belonging to B2(Si) and B2(Ge).7. Example case of silica beads irradiated by an Am–Be neu-
tron source
With underpinning information such as above, we continue to
develop doped silica media for versatile luminescence dosimetry,
now seeking to include study of neutron detection capability.Adopting 1 mm diameter hollow silica beads of a form previously
used for photon TL dosimetry (Jafari et al. 2014a, 2014b, 2014c), we
have recently obtained preliminary depth-dose distributions from
an Am-Be neutron source contained in a water tank (Fig. 9), more
detailed investigations being in progress. With the beads threaded
onto a thin nylon ﬁlament, the string of beads have been sus-
pended directly above the neutron source. The source has an ac-
tivity of 17.6 GBq, providing a neutron emission rate of 62.6 n/s/
MBq. The bead proximal to the source was some 0.6 cm from the
source surface, the remaining 168 equi-spaced beads covering
distances up to 20 cm away from the source. The arrangement
was exposed to the source for a period of 10 days. Individual
sensitivity corrections have been applied to the beads from a
photon irradiation to a standard dose (details of the calibration
have been explained in a previous publication). Fig. 9 demon-
strates the utility of obtaining dense, spatially resolved detection
of the neutrons at unsurpassed spacing, general agreement in
shape being obtained with the Monte Carlo simulations of Yury
Zevallos-Chávez and Bugno Zamboni (2005). An intriguing feature
of the measurements, the possible basis of which has yet to be
explored, concerns a number of variations in the otherwise
smooth downward trend in the data, the most prominent example
of which is that around a source to detector separation of 5 cm.
Our own use of Monte Carlo simulation have revealed sharp peaks,
re-obtained at the same approximate positions as those in the
measured data, also agreeing between three independent runs
(Fig. 9(d)). With further investigations of this underway, it is noted
that the particular MCNP code used in simulating the experiment
has not included diffractional phenomena or account of the
59.54 keV gamma rays emitted from the 241Am source during al-
pha emission, the latter accounting in part for differences in
intensity.8. Conclusions
Based on oxygen rich and oxygen deﬁcient Ge-doped preforms
we have presented a detailed overview of the physics under-
pinning our studies of the luminescence of irradiated doped silica
media. This has entailed discussion of the band gap model and
defects that give rise to the TL phenomenon. We observe corre-
spondence between the model system for doped silica obtained
from literature and our own measurements of the emission
spectrum and glow curves from the silica preforms. We have
proceeded to demonstrate the versatility of such media, making TL
measurements from a neutron source held within a water tank,
the focus being on the unsurpassed spatial resolutions obtainable
using these dosimeters.Acknowledgments
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A B S T R A C T
As a result of their thermoluminescent response, low cost commercial glass beads have been demonstrated to
oﬀer potential use as radiation dosimeters, providing capability in sensing diﬀerent types of ionising radiation.
With a linear response over a large range of dose and spatial resolution that allows measurements down to the
order of 1 mm, their performance renders them of interest in situations in which sensitivity, dynamic range, and
ﬁne spatial resolution are called for. In the present work, the suitability of glass beads for characterisation of an
Americium-Beryllium (241AmBe) neutron source has been assessed. Direct comparison has been made using
conventional 3He and boron tri-ﬂuoride neutron detectors as well as Monte Carlo simulation. Good agreement
is obtained between the glass beads and gas detectors in terms of general reduction of count rate with distance.
Furthermore, the glass beads demonstrate exceptional spatial resolution, leading to the observation of ﬁne
detail in the plot of dose versus distance from source. Fine resolution peaks arising in the measured plots, also
present in simulations, are interesting features which based on our best knowledge have previously not been
reported. The features are reproduced in both experiment and simulation but we do not have a ﬁrm reason for
their origin. Of greater clarity is that the glass beads have considerable potential for use in high spatial
resolution neutron ﬁeld characterisation, subject to the availability of a suitable automated TLD reader.
1. Introduction
Mapping mixed radiation ﬁelds with conventional gas based
neutron detectors to achieve mm spatial resolution is a challenge.
However, detailed knowledge of diﬀerent radiation intensities as a
function of position surrounding neutron sources is required to use
these sources as a characterisation tool (for example in detector testing
or neutron activation studies). Hence, in this work, we report the
potential to use the thermoluminescent response of 1.1 mm diameter
micro-silica glass beads to map the radiation ﬁeld caused by an AmBe
neutron source submerged in a water tank.
The convolution of neutron emission energies with the moderation
due to the presence of the water and reduction in intensity per area
with increasing distance is known to cause peaks in the distribution of
the neutron capture cross section (Lorch, 1973; Coehlo et al., 1989;
Thompson and Taylor, 1965; Anderson and Neﬀ, 1972); indeed, this
was seen in prior studies (Taggart, 2007; Nicolaou, 1983; Matthews,
1979) of the neutron tank, albeit at far poorer spatial resolution than
the present study. The dosimeter size of ∼1 mm (Jafari et al., 2014b,
2014a) enables a far ﬁner E neutronΔ ( ) sensitivity than that provided by
alternative techniques. The energy response of the glass beads has
previously been reported in (Jafari et al., 2014c), whilst that of
conventional gas detectors are well-documented.
Work thus far has concerned the eﬀectiveness of glass bead
dosimeters for use with the latest radiotherapy developments (Teoh
et al., 2011; Chang and Timmerman, 2007) and speciﬁcally that the
dimensions of the dosimeter should be small with respect to the
radiation ﬁeld dimensions (Jafari et al., 2014a; Bjarngard et al., 1990;
http://dx.doi.org/10.1016/j.radphyschem.2016.11.015
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Higgins et al., 1995; Fracescon et al., 1998; Sauer and Wilbert, 2007;
Aspradakis et al., 2010) whereas the focus of the most recent studies
have been the introduction of a mixed radiation ﬁeld as described in
Bradley et al. (2016) and here. The relevance of this point is that the
response of the glass bead cannot be solely due to neutron interactions
(capture, scattering, or gamma production) and that a signiﬁcant
gamma factor will contribute to the thermoluminescent yield whereas
the γ eﬃciency is very low for the comparative gas detectors (Kouzes
et al., 2009; Reilly et al., 1991).
2. Experimental setup
All experiments were performed using a single 11 GBq AmBe
source (Ziegler, 2007) at the University of Surrey as depicted in
Fig. 1 where the beads were wholly submerged within the shielding
water tank and the vertical gas-detectors (both 3He and boron tri-
ﬂuoride) were housed within an air-tube. Note that the tube was raised
with the detector, thereby providing protection for the high-voltage
supply rather than to preferentially select fast neutrons by displace-
ment of the moderating water. The gas detectors were powered using
an Ortec 710 PSU, with the 3He tube held at 1200 V and the BF3
detector at 1800 V. The respective detector outputs were fed into an
Ortec 142A preampliﬁer and an Ortec 672 spectroscopy ampliﬁer with
a shaping time of 3 μs for each tube. Online monitoring was provided
by the Ortec Maestro (Ortec, 2016) program connected to an Ortec
Easy-MCA whereas oﬄine analysis was performed with an in-house
code built using the Root (Brun and Rademakers, 1997) framework.
2.1. Surface scan
Initial measurements investigated the response of the gas detectors
scanning across the surface of the neutron tank. As can be seen in
Fig. 2, although both detector systems show the same response curve
peaking about the source location, the greater neutron interaction
probability granted by the 3He tube allows for a more statistically
reliable neutron count. Furthermore, the spatial resolution of these
detectors is comparatively poor, with the active volume 76 cm3 for the
3He and 152 cm3 for the BF3 tube. This corresponds to a spatial “bite”
of ∼2 cm in the horizontal surface plane. In addition to the bare
detector measurements, a repeated data set was recorded with a
cadmium sheath to remove the contribution of thermal neutrons.
However, in the case of the BF3 detector this made analysis of the
data statistically unsound, and so cadmium-sheathed BF3 results are
not presented.
2.2. Depth measurement
Due to the limited resolution of the BF3 tube only the 3He detector
was used for depth comparison measurements. The relatively large
active area of the gas detector results in a substantial “energy bite”
being observed for each data point, an example of the poor spatial
resolution of conventional neutron detectors. However, spectroscopy is
available in this instance with measurements also beneﬁtting from a
greatly reduced gamma interaction component. Likewise with the
surface measurements, a cadmium-sheathed set of measurements were
also taken, whereby the high thermal-neutron capture cross section
allows for preferential investigation of fast neutron ﬂux with respect to
distance from the source.
2.3. Glass beads
Prior to irradiation the sample beads (shown in Fig. 3) had been
prepared as described in Jafari et al. (2014b). The beads were annealed
to provide a clean dosimeter, removing any historical record of
irradiation from the individual sample. The preferred annealing
technique applied a temperature of 400 °C for 1 h with a ramp rate
of 10 °C per minute and a cool down rate of 1 °C per minute. The
samples were then maintained at a constant temperature of 80 °C for
16 h. The measurements performed in Jafari et al. (2014b) conﬁrm
that the annealing procedure has no eﬀect on the radiation response of
the glass beads.
Three separate strings of glass beads were suspended directly above
the source as per Fig. 1 with a small gap of ∼3 mm between the bottom
bead and the source itself. Each string comprised 370 individual hollow
Fig. 1. A schematic of the setup of the neutron tank and relative positions of the
detectors for the vertical measurement study. The glass beads and gas detectors have
been depicted in the same position, although their measurements were performed
separately. Fig. 2. Scans across the surface of the neutron tank with the two gas detectors. Note the
maximum intensity directly above the AmBe source (marked, surface position 0 cm).
Fig. 3. A selection of glass beads used in this study.
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∼1.1 mm diameter beads (examples of which can be seen in Fig. 3)
threaded onto a nylon ﬁlament for a length of approximately 410 mm.
The samples were irradiated by the 11 GBq AmBe source for a duration
of 14 days, equating to a neutron ﬂuence of approximately 9.5 k
neutrons/s/cm2 for the beads in closest proximity down to ∼1.2
neutrons/s/cm2 at the full length of the bead string.
Post-irradiation, bead sets were measured using a Toledo 654 TLD
reader at the University of Surrey with the technique described in
Jafari et al. (2014b). The beads were stored in a dark environment and
allowed to stabilise prior to measurement in order that the rapid fading
component of TL materials should not be taken into account (Jafari
et al., 2014c).
2.3.1. Calibration
It has been shown in previous publications that the uncertainty in
the response of individual beads is substantially better than that of
other common TLD materials (Jafari et al., 2014b). The glass beads
exhibit an ∼8% variation, and this is applied to the results presented
here, which compares favourably to the ∼15% variability in LiF TLDs
(Jafari et al., 2015). It should be noted that although there is presently
no absolute reference until the calibration is performed (see
Conclusions and Further Work) the variation of the data shown in
Fig. 5 agrees within uncertainty, and therefore, with the obvious
exception of peaks, we expect similar yields from the individual beads.
2.4. Monte carlo simulation
The mixed radiation ﬁeld of the AmBe source coupled with the dual
neutron-gamma response of the dosimeter necessitates some attempt
to deconvolve the respective components. A simulation was developed
using the general Monte Carlo N-Particle transport code, MCNPX
(Hendricks et al., 2008) modelling the passage of neutrons through the
pure water shield. It was previously discussed in Bradley et al. (2016)
and is based on a preliminary mathematical model representing the
physical neutron tank used to expose the beads. Several assumptions
were made about the AmBe source including a neutron energy
spectrum from Amersham source calibration data and an internal
source construction based on an americium-beryllium layered struc-
ture. Further work is planned to optimise the mathematical model used
in the Monte Carlo simulations.
3. Results and discussion
The surface scanning measurements presented in Fig. 2 show
relatively minor variation of neutron yield over the surface of the tank,
some >20 cm being required to show a two-fold reduction in count
rate, which classical trigonometry tells us is not an unreasonable result.
Conversely, the vertical depth measurements (which can be seen for
both the 3He tube and the glass beads in Fig. 4) shows the combined
eﬀect of the geometric range of data and the reduction in neutron
moderation, a substantial fall-oﬀ in count rate observed within a few
cm from the AmBe source. Furthermore, the 3He detector measure-
ments were also taken with a ∼1 mm-thick cadmium sheath and show
the expected drop in count rate due to the resonances in the neutron
capture cross section as the energy range passes from the fast region
and neutrons become thermalised.
The overlaid vertical measurements shown in Fig. 4 exhibit the
same general trend of reduced count rate with increasing distance to
the source for each of the experimental data sets as well as the
simulation. However, the greater resolution of the glass bead allows
for far ﬁner structure to be observed. In eﬀect the gas detectors are
integrating the energy regions encountered by many glass beads
simultaneously. This is to be expected, and indeed conﬁrms the
superior performance of the glass beads in terms of spatial resolution.
In addition to the clear energy sensitivity, by more closely examin-
ing the glass bead data of Fig. 4, as well as that of the additional string
measurements displayed in Fig. 5, further observations may be made.
There appears to be a lower level plateau region exhibited by the glass
bead dosimeter that is not apparent when using the gas detectors. This
would suggest a lower energy limit, below which the glass beads would
be insensitive, coinciding with a distance approximately 23 cm from
the source. The measurements performed previously, and reported in
Jafari et al. (2014c) have discussed the energy and dose limitations of
the glass bead dosimeters.
The most notable feature of the glass bead spectra however, is that
of the quasi-regular spikes in the thermoluminescence intensity which
notably are reproduced in the simulation. While there is some
similarity between the thermoluminescence intensity spikes of the
dosimetric data sets this is not suﬃcient to conclude the origin of the
feature to be simply that of the peaks of the AmBe neutron energy
spectrum (Lorch, 1973; Coehlo et al., 1989; Thompson and Taylor,
1965; Anderson and Neﬀ, 1972). Therefore, one must conclude that
some other phenomena be involved (Lorch, 1969; Wright, 1994), or
possibly the result of a neutron-induced charged-particle reaction, say,
(n,α) or (n,p). At this point it may be worth considering the dominant
interactions at play with the glass beads. The main constituents of the
elemental composition are silicon, oxygen, and sodium (at 33.62%,
42.18%, and 10.55% by weight respectively) (Jafari et al., 2014c). For
each element comprising the glass beads the dominant neutron
interaction is elastic scattering Kim et al., 2013; this is true across
the whole energy range that has been investigated, and may in fact
support the theory that low-probability, but high Q-value, neutron
reactions are the cause.
Prior to installation of the AmBe source used in this investigation
(Ziegler, 2007) a similar measurement was performed with a slightly
diﬀerent conﬁguration (Bradley et al., 2016) and was identical to that
studied by Taggart (2007); Nicolaou (1983); Matthews (1979) with two
AmBe sources ∼20 cm apart. Therefore, in these previous studies, it is
important to consider that there will be independent contributions
from each separate source. The spikes were less likely to be observed
either due to lower spatial resolution (Taggart, 2007; Nicolaou, 1983;
Matthews, 1979) or the possibility of the eﬀect of combining contribu-
tions from two sources in the water tank (Bradley et al., 2016).
4. Conclusions and further work
Determining the suitability of these commercial glass beads for a
variety of dosimetric applications is an ongoing task. However, in the
short term they have clearly demonstrated the ability to provide a
dosimetric information with respect to the neutron tank. The immedi-
ate needs of this work come in four-fold:
1. Secondary calibration via AmBe “halo”.
2. Improved sophistication of Monte Carlo simulation.
3. Evaluation of the relative n/γ bead sensitivity by repeated measure-
ments with additional lead shielding
4. Evaluation of the relative fast/thermal neutron sensitivity through
cadmium shielding
Where the “halo” conﬁguration refers to a circular support to maintain
a ﬁxed source-bead distance, thereby ensuring that all beads receive an
equal mixed radiation ﬁeld dose.
The potential source of the “quasi-regular” spikes could be un-
covered through the above experiments. In particular, if the cause of
the spikes is indeed neutron-induced charged-particle reactions we
would expect to see a shift in position in future simulations; likewise,
with the “halo” conﬁguration spikes should be present if a reaction is
the origin.
Acknowledgements
YMA would like to acknowledge the support of the Petroleum
Y.M. Abubakar et al. Radiation Physics and Chemistry 140 (2017) 497–501
499
Technology Development Fund (PTDF - Nigeria) no. PTDF/E/OSS/
PHD/AMY/621/12.
References
Anderson, M., Neﬀ, R., 1972. Neutron energy spectra of diﬀerent size 239Pu-Be(α,n)
sources. Nucl. Instr. Meth. 99, 231–235.
Aspradakis, M., Byrne, J., Palmans, H., Conway, J., Rosser, K., Warrington, J., Duane, S.,
2010. Small Field MV Photon Dosimetry. Technical Report. York: IPEM.
Bjarngard, B., Tsai, J., Rice, R., 1990. Doses on the central axes of narrow 6 MV x-ray
beams. Med. Phys. 17, 794–799.
Bradley, D., Jafari, S., Shaﬁqah, A.S., Tamcheck, N., Shutt, A., Rozaila, Z.S., Sani, S.A.,
Sabtu, S.N., Alanazi, A., Mahdiraji, G.A., Rashid, H.A., Maah, M., 2016. Latest
developments in silica-based thermoluminesence spectrometry and dosimetry. Appl.
Radiat. Isot. 24, 118–173. http://dx.doi.org/10.1016/j.apradiso.2015.12.034.
Brun, R., Rademakers, F., 1997. Root - an object oriented data analysis framework. Nucl.
Instr. Meth. A 389, 81–86.
Chang, B., Timmerman, R., 2007. Stereotactic body radiation therapy: a comprehensive
review. Am. J. Clin. Oncol. 30, 637–644.
Coehlo, P., Silva, A.D., Maiorino, J., 1989. Neutron energy spectrum measurements of
neutron sources with an ne-213 spectrometer. Nucl. Instr. Meth. A 280, 270–272.
Fracescon, P., Cora, S., Cavedon, C., Scalchi, P., Reccanello, S., Colombo, F., 1998. Use of
a new type of radiochromic ﬁlm, a new parallel-plate micro-chamber. mosfets, and
tld 800 microcubes in the dosimetry of small beams. Med. Phys. 25, 503–511.
Hendricks, J., McKinney, G., Fensin, M., James, M., Johns, R., Durkee, J., Finch, J.,
Pelowitz, D., Waters, L., Johnson, M., 2008. MCNPX Users Manual Version 2.6.0.
Technical Report LA-UR-08-2216. Los Alamos National Laboratory.
Higgins, P., Sibata, C., Siskind, L., Sohn, J., 1995. Deconvolution of detector size eﬀect
for small ﬁeld measurement. Med. Phys. 22, 1663–1666.
Jafari, S., Alalawi, A., Jordan, T., Hussein, M., Alsaleh, W., Najem, M., Hugtenburg, R.,
Bradley, D., Spyrou, N., Clark, C., Nisbet, A., 2014a. Energy response of glass bead
tlds irradiated with radiation therapy beams. Phys. Med. Biol. 59, 6875–6889.
Jafari, S., Bradley, D., Gouldstone, C., Sharpe, P., Alalawi, A., Jordan, T., Clark, C.,
Nisbet, A., Spyrou, N., 2014b. Low-cost commercial glass beads as dosimeters in
radiotherapy. Radiat. Phys. Chem. 97, 95–101.
Jafari, S., Jordan, T., Hussein, M., Bradley, D., Clark, C., Nisbet, A., Spyrou, N., 2014c.
Energy response of glass bead tlds irradiated with radiation therapy beams. Radiat.
Phys. Chem. 104, 208–211.
Jafari, S., Jordan, T., Distefano, G., Bradley, D., Spyrou, N., Nisbet, A., Clark, C., 2015.
Feasibility of using glass-bead thermoluminescent dosimeters for radiotherapy
treatment plan veriﬁcation. Br. J. Radiol., 88. http://dx.doi.org/10.1259/
bjr.20140804.
Kim, D., Kim, H., Gill, C.S., Lee, Y.O., 2013. ACE-format nuclear data library. 〈http://
atom.kaeri.re.kr/NDVG/ace_NDL.jsp?select=KNE71〉. (accessed August 2016).
Kouzes, R., Ely, J., Lintereur, A., Stephens, D., 2009. Neutron Detector Gamma
Insensitivity Criteria. Technical Report PNNL-18903. Paciﬁc Northwest National
Laboratory.
Lorch, E., 1969. Neutron diﬀraction by germania, silica and radiation-damaged silica
glasses. J. Phys. C: Solid State Phys. 2, 229 http://stacks.iop.org/0022-3719/2/i=2/
a=305.
Lorch, E., 1973. Neutron spectra of 241Am/B, 241Am/Be, 241Am/F, 242Cm/Be, 239Pu/13C
and 252Cf isotopic neutron sources. Inter. J. Appl. Radiat. Isot. 24, 585–591.
Matthews, I., 1979. Prompt and Delay Gamma Ray Measurements for In-Vivo Neutron
Activation Analysis Using A Cyclic System. (Ph.D. thesis). University of Surrey.
Nicolaou, 1983. In-Vivo Methods of Analysis in the Study of Elemental Composition of
the Body. (Ph.D. thesis). University of Surrey.
Ortec, 2016. Maestro 7 multichannel analyzer MCA emulation software. 〈http://www.
ortec-online.com/Products-Solutions/Applications-Software-MAESTRO.aspx〉.
(accessed August 2016).
Reilly, D., Ensslin, N., Jr., H.S., Kreiner, S., 1991. Passive Nondestructive Assay of
Nuclear Materials. Technical Report NUREG/CR-5550. U.S. Nuclear Regulatory
Commission.
Fig. 4. Comparison of an example glass bead spectra to conventional detection systems across the whole ∼410 mm measurement range. Both the glass beads and bare 3He data have
been normalised with the ﬁrst data point being set to unity, whereas the cadmium sheathed data is relative to the bare 3He detector.
Fig. 5. The abridged thermoluminescent yield within a mixed radiation ﬁeld across the range of the simulated date. Both the experimental data and the simulation have a factor of the r2
component removed. Note that the simulation does not include a contribution from the 59.4 keV γ ray emission of the 241Am.
Y.M. Abubakar et al. Radiation Physics and Chemistry 140 (2017) 497–501
500
Sauer, O., Wilbert, J., 2007. Measurement of output factors for small photon beams.
Med. Phys. 34, 1983–1988.
Taggart, M., 2007. Surveying the Thermal Neutron Capture Flux Via Activation Analysis.
Master's thesis. University of Surrey.
Teoh, M., Clark, C., Wood, K., Whitaker, S., Nisbet, A., 2011. Volumetric modulated arc
therapy: a review of current literature and clinical use in practice. Br. J. Radiol. 84,
967–996.
Thompson, M., Taylor, J., 1965. Neutron spectra from Am-α-Be and Ra-α-Be sources.
Nucl. Instr. Meth. 37, 305–308.
Wright, A., 1994. Neutron scattering from vitreous silica. v. the structure of vitreous
silica: What have we learned from 60 years of diﬀraction studies? J. Non-Cryst.
Solids 179, 84–115.
Ziegler, Eckert, 2007. Reference & calibration sources. 〈http://hightechsource.co.uk/
wp-content/uploads/Catalogue-IPL-Std-Ref2008.pdf〉. (accessed September 2016)
Y.M. Abubakar et al. Radiation Physics and Chemistry 140 (2017) 497–501
501
Applied Radiation and Isotopes 117 (2016) 106–110Appendix DContents lists available at ScienceDirectApplied Radiation and Isotopeshttp://d
0969-80
n Corr
of Physi
E-m
malkho
Izabela.
A.Daltonjournal homepage: www.elsevier.com/locate/apradisoCarbon nanotubes buckypaper radiation studies for medical physics
applications
Abdulaziz Alanazi a,b,n, Mohammed Alkhorayef a,c, Khalid Alzimami c, Izabela Jurewicz e,
Nouf Abuhadi d, Alan Dalton e, D.A. Bradley a,f
a Centre for Nuclear and Radiation Physics, Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, UK
b Medical Physics Department, Cancer Centre, Prince Mohammed Medical City, P.O. Box: 2254, Sakaka Aljouf 42421, Saudi Arabia
c Department of Radiological Sciences, King Saud University, P.O. Box 10219, Riyadh 11433, Saudi Arabia
d Diagnostic radiology department, Faculty of medical applied sciences, Jazan University, P. O. Box 114, Jazan, Saudi Arabia
e Department of Physics, Faculty of Eng & Physical Sciences, University of Surrey, Guildford, Surrey GU2 7XH, UK
f Department of Physics, University of Malaya, 50603 Kuala Lumpur, MalaysiaH I G H L I G H T S Carbon nanotubes explored as a dosimeter for ionising radiation.
 The potential for application at therapy doses investigated.
 Predominant TL yield found between 180 and 250 °C.a r t i c l e i n f o
Article history:
Received 28 October 2015
Received in revised form
11 December 2015
Accepted 3 January 2016
Available online 5 January 2016
Keywords:
Thermoluminescence
Carbon nanotubes
Radiation therapyx.doi.org/10.1016/j.apradiso.2016.01.001
43/& 2016 Elsevier Ltd. All rights reserved.
esponding author at: Centre for Nuclear and R
cs, University of Surrey, Guildford, Surrey GU
ail addresses: a.alanazi@surrey.ac.uk, ahalanaz
rayef@KSU.EDU.SA (M. Alkhorayef), Kalzimam
Jurewicz@surrey.ac.uk (I. Jurewicz), n_pasint@
@surrey.ac.uk (A. Dalton), D.A.Bradley@surrea b s t r a c t
Graphite ion chambers and semiconductor diode detectors have been used to make measurements in
phantoms but these active devices represent a clear disadvantage when considered for in vivo dosimetry.
In such circumstance, dosimeters with atomic number similar to human tissue are needed. Carbon na-
notubes have properties that potentially meet the demand, requiring low voltage in active devices and an
atomic number similar to adipose tissue. In this study, single-wall carbon nanotubes (SWCNTs) buck-
ypaper has been used to measure the beta particle dose deposited from a strontium-90 source, the
medium displaying thermoluminescence at potentially useful sensitivity. As an example, the samples
show a clear response for a dose of 2 Gy. This ﬁnding suggests that carbon nanotubes can be used as a
passive dosimeter speciﬁcally for the high levels of radiation exposures used in radiation therapy. Fur-
thermore, the ﬁnding points towards further potential applications such as for space radiation mea-
surements, not least because the medium satisﬁes a demand for light but strong materials of minimal
capacitance.
& 2016 Elsevier Ltd. All rights reserved.1. Introduction
Since CNTs were ﬁrst reported upon by Iijima on early 1990s
(Iijima, 1991), the properties of carbon nanotubes have been the
subject of intensive investigation and have been considered for many
potential applications, such as chemical sensors (Kong et al., 2000;
Moradi et al., 2013; Penza et al., 2010; Wongchoosuk et al., 2010;adiation Physics, Department
2 7XH, UK.
i@pmmc.med.sa (A. Alanazi),
i@ksu.edu.sa (K. Alzimami),
hotmail.com (N. Abuhadi),
y.ac.uk (D.A. Bradley).Zhao et al., 2005), biosensors (Timur et al., 2007; Balasubramanian
and Burghard, 2006; Koehne et al., 2004; Li et al., 2003; Wang, 2005)
ﬁeld-emission displays (Talin et al., 2001; Saito, 2010; Lee et al., 2001;
Kuznetzov et al., 2010; Choi et al., 1999), memory storage (Lu, Dai,
2006, Ganguly et al., 2005) and hydrogen storage (Yang et al., 2010;
Ranjbar et al., 2010; Liu et al., 2010). In particular, the structural ar-
rangement of the atoms forming the carbon nanotubes give inter-
esting physical and chemical properties such as electric and thermo
conductivity. Carbon nanotubes, CNTs, can be described as a beehive
sheet fabricated to form a cylinder, the two ends of the cylinder being
open or closed with a semicircle lid. This cylinder-like form can be
shielded by other cylinders with open ends to form a multi-wall
carbon nanotubes structure, MWCNTs. Fig. 1 displays single and
multi-wall carbon nanotubes with open ends. The dimensions of the
Fig. 1. The structure of a Single-Wall Carbon Nanotube, SWCNT, is displayed to the
left-hand side while a Multi-Wall Carbon Nanotubes structure is displayed to the
right (Choudhary and Gupta, 2011). Licence: http://creativecommons.org/licenses/
by-nc-sa/3.0/.
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a few nm up to 30 nm and the length of the tubes going up to
1 mm (Iijima, 1991). These dimensions can vary depending on the
method of growth and the procedure parameters (Nihei et al., 2003).
In this study, carbon nanotube buckypaper was made at the Uni-
versity of Surrey, with irradiation by strontium-90, a source of beta
rays. The thermoluminescence (TL) signal was obtained as the pri-
mary indicator of dose absorption.
Although the present work focuses entirely on TL studies,
continuation of the work will clearly involve developing a fuller
understanding of the basis of the TL signal, whether it be due to
inherent defects as is possible in what is otherwise described as
pristine material or due to the presence of impurities. Raman
Spectroscopy is expected to provide one of the best methods in
seeking to understand the basis of the TL signal from the carbon
structure. Here, the ratio of the intensities in the Raman spectra D/
G bands can provide a measure of the defects that are present,
with the G band being a result of in-plane vibrations of SP2 bonded
carbon atoms and the D band to out of plane vibrations that are
attributable to the presence of structural defects. A greater in-
tensity D band is indicative of disruption of SP2 bonds of the car-
bon, an example being that of graphene oxide (GO), with GO
having oxidative functional groups. More intense D bands would
point to broken SP2 bonds, indicative of an increase in SP3 bonds.
More generally, a D band intensity greater than that in the pristine
media could be due to a mixture of inherent defects and im-
purities, an increased D/G ratio showing there to be increased SP3
bonds.
1.1. Buckypaper samples
To enable the carbon nanotubes to be used as a passive radia-
tion dosimeter they ﬁrst need to be produced in such a way that
they can be handled and used safely. For this, buckypaper can be
made from the starting carbon nanotubes powder. Examples of
buckypaper are illustrated in Fig. 2. The dimensions of the buck-
ypaper can be controlled, dependent on the application and the
interest prompting dose measurements. Typically the thickness of
the buckypaper can be varied from fewmicrometres up to 0.5 mm.
Different qualities of single-wall carbon nanotubes, SWCNTs,
were purchased from the company Unidym (Sunnyvale, CA, USA)
in the form of powder: Raw SWCNTs, Pure SWCNTs,and Super Pure
SWCNTs. Triton X-100 has been used as a surfactant.2. Methods of preparation of the samples
As there were different puriﬁcations of SWCNTs, various con-
centrations of the surfactant and SWCNTs were used for each
quality. Different concentrations of CNTs require different quan-
tities of the surfactant. In this study the ratio by weight was the
reference in the calculations. The optimum surfactant to CNT ratio
has been found to be 5:1 to 10:1 by weight (Islam et al., 2003). In
this work a 10:1 surfactant to CNT ratio was used to prepare all the
samples. Dispersion of Triton X-100 in deionised water was pre-
pared to suspend the single wall carbon nanotubes homo-
geneously. Measured quantities of the Triton X-100 and deionised
water were added to a ﬂask and a magnetic stirrer was used to stir
the mixture. The dispersant bottle was placed in a cold bath, at a
temperature from 3 to 6 °C and a tip sonication, Branson–Soniﬁer
150 was used for 30 min with a power range from 17 to 20 watt to
mix the solution. If the sample is observed to include particle
aggregation, centrifugation can be applied. The solution can then
be ﬁltered; here use has been made of a membrane ﬁlter, MCE MF-
Millipore plain white, 0.22 mm pore size, diameter 7 mm. The
buckypaper sample weights used herein were 1 mg, 4 mg and
5 mg for the raw, pure and super-pure SWCNTs respectively. The
product buckypaper TL response can be compared against the
typical mass of a TLD-100 (doped LiF) disc of 50 mg, a dosimeter
popularly used in radiation medicine studies.
2.1. Strontium-90 source for beta irradiation of CNT samples
The various samples studied herein have been exposed to the
beta-ray emissions from a strontium-90 source, the set-up being
illustrated in Fig. 3. The source is retained within a plastic holder,
contained within a lead-glass box to minimise radiation exposure
to users. The CNTs and TLD-100 (LiF: Mg, Ti, used as a well-char-
acterised reference TLD medium) samples have been placed in an
aluminium tray. The aluminium tray is designed to hold samples
of size 55 mm. As we have prepared different concentrations
and quality of CNTs in the buckypaper, the edges of the tray are
labelled by numbers and letters to help identify particular
samples.
Buckypaper samples of various purities and concentration were
irradiated in this experiment. Raw single-wall carbon nanotubes,
pure single-wall carbon nanotubes, and super pure carbon nano-
tubes were used to form the various samples of buckypaper. The
concentration of the CNTs in the dispersion used to form the
buckypaper was 0.1, 0.1, and 0.05 g for raw, pure, and super pure
single-wall carbon nanotubes respectively. These quantities were
dispersed in 100 ml of deionized water through the use of Triton
X-100. The three samples received a dose of 2 Gy each. It should be
noted that the CNTs are non-transparent at the wavelengths
emitted herein so that the TL signal is entirely off the top surface,
the thickness of the buckypaper being immaterial.3. Results and discussion
3.1. Raw single-wall carbon nanotubes
Fig. 4 illustrates the thermoluminescence (TL) signal from the
buckypaper prior to any form of treatment, it being noted that in
this instance the buckypaper was not annealed post-sample pro-
duction, the background signal therefore representing the in-
herent defects that have been occupied as a result of issues such as
strain and lattice dislocations. A time-temperature proﬁle has been
selected for the TLD reader, the set-up chosen for present mea-
surement providing a ramp-rate of 6.5 °C s1 post pre-heat of
165 °C, with each channel number equivalent to a temperature
Fig. 2. Samples of buckypaper of different thicknesses have been prepared and developed in the Nanomaterial and Structure Lab at University of Surrey.
Fig. 3. Set-up for the beta irradiation source, 90Sr, the buckypaper of size
(55 mm) and TLD-100 samples.
Fig. 4. TL from buckypaper (sample size 55 mm) formed of raw SWCNT dis-
persed in 100 ml of deionized water using Triton X-100. The results show TL yield
post pre-heat of 165 °C (channel Number 0), the temperature subsequently
ramping up at 6.5 °C s1 to a maximum of 330 °C at channel Number 100.
Fig. 5. The peak illustrates the TL yield from the raw SWCNT sample post-irra-
diation, while the lower line illustrates the TL from the unirradiated sample, post-
annealing.
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This measurement was required in order to enable comparison
between the TL yield from a fresh unirradiated sample that had
not been subject to any heat treatment and the TL yield from a
sample treated with heat during an annealing and/or readout
process. The sample consists of 0.1 g buckypaper (sample size
55 mm) formed of raw SWCNT dispersed in 100 ml of deionized
water using Triton X-100. The multiple-peak signal proﬁle is pre-
sumed to be a result of random defects created during the pre-
paration of CNTs buckypaper samples, ranging from the superﬁcialto deeper defects, reﬂected in the temperature required to enable
release of trapped electron and lattice relaxation. This is supported
by the fact that following annealing of the sample, the signal
proﬁle changes dramatically, the TL yield reducing by a factor of 21
(Fig. 5). The ﬁgure shows two proﬁles, one for the TL yield from a
non-irradiated sample after an annealing process (the lower line),
and the other the TL yield (represented by the prominent peak)
from the sample following irradiation to a dose of 2 Gy, irradiated
using the 90Sr beta source. The TL signal from the irradiated
sample shows a pronounced TL response compared to that in the
absence of irradiation. As previously reported, the TL signal was
improved by a factor of in excess of 20 over that of the uni-
rradiated sample. The TL yield (the so-called glow curve) was
observed to be encompassed within a temperature range of 180–
250 °C.
Another experiment was made in examining for the presence
of any TL signal not released during the ﬁrst readout procedure.
Fig. 6 shows two curves, the peak illustrating the ﬁrst readout and
the lower line illustrating the second readout for the same raw
SWCNT sample. From this, it is apparent that one heating cycle is
sufﬁcient to provide for complete de-excitation of the irradiated
sample.
3.2. Pure and super-pure single-wall carbon nanotubes
Similar measurements were conducted for the pure SWCNTs
and super-pure SWCNTs. Fig. 7 below illustrates the background
reading for a fresh sample of the pure SWCNT that has not been
exposed to radiation or heat treatment. The results are similar to
that obtained for the raw SWCNT sample for both measurements,
pre- and post-anneal. The TL yield from the annealed sample was
practically identical to that provided by the raw SWCNT sample.
However, comparing the response to irradiation of the raw and
Fig. 6. The peak illustrates TL yield of raw SWCNT obtained following irradiation to
a beta source dose of 2 Gy, the lower line representing subsequent readout from
the sample, demonstrating radical release of the trapped electron and lattice re-
laxation to have occured.
Fig. 7. TL from Buckypaper made of pure SWCNT dispersed in 100 ml of deionized
water using Triton X-100 (sample size was 55 mm).
Fig. 9. TL yield, before irradiation, from buckypaper made of of Super-Pure SWCNTs
dispersed in 100 ml of deionized water using Triton X-100. The sample size was
55 mm.
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irradiation dose has been observed to be lower for the pure
SWCNT than that from the raw SWCNT, indicative of the presence
of impurities in the latter.
This reduction in TL signal is expected as the former sample has
been puriﬁed of iron and other elemental components. The ab-
sence of such impurity has a clear effect on the TL signal as can be
seen in Figs. 5 and 6, compared with the signal obtained from the
pure SWCNT buckypaper sample shown in Fig. 8.
Reduction in TL yield of some 3.8 was found for the irradiated
pure SWCNT buckypaper compared with that from the irradiatedFig. 8. The peak illustrates TL yield from pure SWCNT buckypaper irradiated to a
dose of 2 Gy using a 90Sr beta source; the lower line illustrates the signal obtained
on second reading.raw samples as in Figs. 5 and 6.
Fig. 8 illustrates the ﬁrst and second readings for the pure
sample subsequent to irradiation to a dose of 2 Gy. The peak il-
lustrates the result of the ﬁrst reading cycle and the lower line
illustrates that of the second read cycle, again supporting the
previous sample results indicating little necessity for annealing
when the sample is exposed to a dose in the range of several Gy
although it would of course be important to do so for lesser doses.
Fig. 9 shows the TL yield for a fresh super-pure SWCNT buck-
ypaper sample. The sample consists of buckypaper made of 0.05 g
of Super-Pure Single-Wall Carbon Nanotubes dispersed in 100 ml
of deionized water through the use of Triton X-100. The sample
size was again 55 mm and again the sample was irradiated to a
dose of 2 Gy using the 90Sr beta source. The graph is multi-peaked
for the non-irradiated sample as obtained from raw and pure
SWCNT buckypaper. However, this sample provides a greater TL
yield than the pure SWCNT sample, being similar to the TL yield
obtained from the raw SWCNT sample. This was not expected as
the sample is super puriﬁed of impurities. However, as nitrogen is
used in the process of puriﬁcation of the samples, this increase is
thought to be due to contamination during that process, the ni-
trogen atoms potentially causing increase in the trap centres in the
sample.
Fig. 10 again shows two line proﬁles, the peak illustrating the
TL yield from the super-pure SWCNT sample after exposure to 2 Gy
using the 90Sr source, and the lower line illustrating the TL yield
resulting from the second reading for the same sample. The TL
yield from the super-pure sample is greater than the TL yield from
the pure sample by factor of 2.2.
3.3. TLD-100
The response of TLD-100 (doped lithium ﬂuoride) has been
obtained for the same beta dose as that used for the SWCNTFig. 10. The peak illustrates the TL yield from the super-pure SWCNT sample fol-
lowing exposure to a dose of 2 Gy using the 90Sr source, and the lower line illus-
trates the TL yield from second reading for the same sample.
Fig. 11. TL yield from TLD-100 irradiated to a dose of 2 Gy using the 90Sr source.
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selecting a factor of 103 increase in TLD reader sensitivity setting,
as carried out here, over that adopted for the SWCNT samples
(Fig. 11).
It does need to be observed that the SWCNT samples were of
lower mass than that of the TLD-100, ranging from 2% to 10% of
the TLD-100 mass. Thus the mass-normalised relative response of
the SWCNTs to the TLD-100 were of the order of 2%.4. Conclusion
Three types of SWCNT buckypaper, each of different impurity,
were prepared for irradiation by a 90Sr beta emission source. TLD-
100 was used for comparison. The TL yield from the CNT samples
indicate considerable potential for these media to be used as TL
dosimeters, underlined by the fact that the response to varying
purity buckypaper would need to be calibrated for. While the re-
sponse of the buckypaper is less than that obtained from TLD-100,
the results do suggest that the present preparations of CNTs have
potential for use in dosimetry as in radiation therapy, a matter
requiring further investigation.Acknowledgement
The ﬁrst author would like to express his gratitude for receipt
of a PhD scholarship from the Government of Saudi Arabia, Prince
Mohammed Medical City for the North Region Services. The au-
thors also extend their appreciation to the college of Applied
Medical Sciences Research Centre and Deanship of Scientiﬁc Re-
search at King Saud University (CAMS-RC3334/15) for supporting
this research. The project was also carried out with the support
from a University of Malaya, Ministry of Higher Education of Ma-
laysia, UM-MOHE, High Impact Research Grant UM.C/625/1/HIR/
33.References
Balasubramanian, K., Burghard, M., 2006. Biosensors based on carbon nanotubes.
Anal. bioAnal. Chem. 385 (3), 452–468.
Choi, W., Chung, D., Kang, J., Kim, H., Jin, Y., Han, I., Lee, Y., Jung, J., Lee, N., Park, G.,
1999. Fully sealed, high-brightness carbon-nanotube ﬁeld-emission display.
Appl. Phys. Lett. 75 (20), 3129–3131.
Choudhary, V., Gupta, A., 2011. Polymer/carbon nanotube nanocomposites.
Ganguly, U., Kan, E.C., Zhang, Y., 2005. Carbon nanotube-based nonvolatile memory
with charge storage in metal nanocrystals. Appl. Phys. Lett. 87 (4), 043108.
Iijima, S., 1991. Helical microtubules of graphitic carbon. Nature 354 (6348), 56–58.
Islam, M., Rojas, E., Bergey, D., Johnson, A., Yodh, A., 2003. High weight fraction
surfactant solubilization of single-wall carbon nanotubes in water. Nano Lett. 3
(2), 269–273.
Koehne, J., Li, J., Cassell, A.M., Chen, H., Ye, Q., Ng, H.T., Han, J., Meyyappan, M., 2004.
The fabrication and electrochemical characterization of carbon nanotube na-
noelectrode arrays. J. Mater. Chem. 14 (4), 676–684.
Kong, J., Franklin, N.R., Zhou, C., Chapline, M.G., Peng, S., Cho, K., Dai, H., 2000.
Nanotube molecular wires as chemical sensors. Science 287 (5453), 622–625.
Kuznetzov, A.A., Lee, S.B., Zhang, M., Baughman, R.H., Zakhidov, A.A., 2010. Electron
ﬁeld emission from transparent multiwalled carbon nanotube sheets for in-
verted ﬁeld emission displays. Carbon 48 (1), 41–46.
Lee, N., Chung, D., Han, I., Kang, J., Choi, Y., Kim, H., Park, S., Jin, Y., Yi, W., Yun, M.,
2001. Application of carbon nanotubes to ﬁeld emission displays. Diam. Relat.
Mater. 10 (2), 265–270.
Li, J., Ng, H.T., Cassell, A., Fan, W., Chen, H., Ye, Q., Koehne, J., Han, J., Meyyappan, M.,
2003. Carbon nanotube nanoelectrode array for ultrasensitive DNA detection.
Nano Lett. 3 (5), 597–602.
Liu, C., Chen, Y., Wu, C., Xu, S., Cheng, H., 2010. Hydrogen storage in carbon nano-
tubes revisited. Carbon 48 (2), 452–455.
Lu, X., Dai, J., 2006. Memory effects of carbon nanotubes as charge storage nodes for
ﬂoating gate memory applications. Appl. Phys. Lett. 88 (11), 113104–113104-3.
Moradi, R., Sebt, S., Karimi-Maleh, H., Sadeghi, R., Karimi, F., Bahari, A., Arabi, H.,
2013. Synthesis and application of FePt/CNTs nanocomposite as a sensor and
novel amide ligand as a mediator for simultaneous determination of glu-
tathione, nicotinamide adenine dinucleotide and tryptophan. Phys. Chem.
Chem. Phys. 15 (16), 5888–5897.
Nihei, M., Kawabata, A., Awano, Y., 2003. Direct diameter-controlled growth of
multiwall carbon nanotubes on nickel-silicide layer. Jpn. J. Appl. Phys. 42 (6B),
L721.
Penza, M., Rossi, R., Alvisi, M., Signore, M., Serra, E., Paolesse, R., D’Amico, A., Di
Natale, C., 2010. Metalloporphyrins-modiﬁed carbon nanotubes networked
ﬁlms-based chemical sensors for enhanced gas sensitivity. Sens. Actuators B:
Chem. 144 (2), 387–394.
Ranjbar, A., Ismail, M., Guo, Z., Yu, X., Liu, H.K., 2010. Effects of CNTs on the hy-
drogen storage properties of MgHo sub4 2 and MgHo sub4 2-BCC com-
posite. Int. J. Hydrog. Energy 35 (15), 7821–7826.
Saito, Y., 2010. Carbon Nanotube and Related Field Emitters: Fundamentals and
Applications. John Wiley & Sons.
Talin, A., Dean, K., Jaskie, J., 2001. Field emission displays: a critical review. Solid-
State Electron. 45 (6), 963–976.
Timur, S., Anik, U., Odaci, D., Gorton, L., 2007. Development of a microbial biosensor
based on carbon nanotube (CNT) modiﬁed electrodes. Electrochem. Commun. 9
(7), 1810–1815.
Wang, J., 2005. Carbon‐nanotube based electrochemical biosensors: a review.
Electroanalysis 17 (1), 7–14.
Wongchoosuk, C., Wisitsoraat, A., Tuantranont, A., Kerdcharoen, T., 2010. Portable
electronic nose based on carbon nanotube-SnOo sub4 2 gas sensors and its
application for detection of methanol contamination in whiskeys. Sens. Ac-
tuators B: Chem. 147 (2), 392–399.
Yang, S.J., Cho, J.H., Nahm, K.S., Park, C.R., 2010. Enhanced hydrogen storage capacity
of Pt-loaded CNT@ MOF-5 hybrid composites. Int. J. Hydrog. Energy 35 (23),
13062–13067.
Zhao, Q., Buongiorno Nardelli, M., Lu, W., Bernholc, J., 2005. Carbon nanotube-metal
cluster composites: a new road to chemical sensors? Nano Lett. 5 (5), 847–851.
Contents lists available at ScienceDirect
Radiation Physics and Chemistry
journal homepage: www.elsevier.com/locate/radphyschem
Lower limits of detection in using carbon nanotubes as thermoluminescent
dosimeters of beta radiation
Abdulaziz Alanazia,b, Izabela Jurewicza, Amani I. Alalawic, Amjad Alyahyawia,d,
Abdullah Alsubaiea,e, Steven Hinderf, Jorge Bañuls-Ciscarf, Mohammed Alkhorayefa,g,
D.A. Bradleya,h
a Centre for Nuclear and Radiation Physics, Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, UK
b Medical Physics Department, Cancer Centre, Prince Mohammed Medical City, P.O. Box 2254, Sakaka Aljouf 42421, Saudi Arabia
c Physics Department, Faculty of Applied Sciences, Umm AL-Qura University, Makkah, P.O. Box 175, Saudi Arabia
d Department of Diagnostic Radiology, University of Hail, Hail, Saudi Arabia
e Physics Department, Taif University, Al-Taif, PO Box 888, Saudi Arabia
f The Surface Analysis Laboratory, Department of Mechanical Engineering Sciences, University of Surrey, Guildford, Surrey GU2 7XH, UK
g Department of Radiological Sciences, King Saud University, P.O. Box 10219, Riyadh 11433, Saudi Arabia
h Sunway University, Institute for Health Care Development, Jalan Universiti, 46150 PJ, Malaysia
A R T I C L E I N F O
Keywords:
Thermoluminescence
Carbon Nanotubes
Radiation therapy
SP3/SP2 hybridization
A B S T R A C T
World-wide, on-going intensive research is being seen in adaptation of carbon nanotubes (CNTs) for a wide
variety of applications, particular interest herein being in the thermoluminescent (TL) properties of CNTs and
their sensitivity towards energetic radiations. Using beta radiation delivering dose levels of a few Gy it has been
observed in previous study that strain and impurity defects in CNTs give rise to signiﬁcant TL yields, providing
an initial measure of the extent to which electron trapping centres exist in various qualities of CNT, from super-
pure to raw. This in turn points to the possibility that there may be considerable advantage in using such media
for radiation dosimetry applications, including for in vivo dosimetry. CNTs also have an eﬀective atomic
number similar to that of adipose tissue, making them suitable for soft tissue dosimetry. In present
investigations various single-wall carbon nanotubes (SWCNT) samples in the form of buckypaper have been
irradiated to doses in the range 35–1.3 Gy, use being made of a 90Sr beta source, the response of the CNTs
buckypaper with dose showing a trend towards linearity. It is shown for present production methodology for
buckypaper samples that the raw SWCNT buckypaper oﬀer the greatest sensitivity, detecting doses down to
some few tens of mGy.
1. Introduction
Since the discovery of CNTs by Iijima (Iijima, 1991), the potential
for their applications has encouraged a large numbers of studies, both
across the underpinning sciences as well as across the technologies that
enjoy associations with these, investigations of CNT being in terms of
properties and their utilisation. In regard to the advantageous proper-
ties of CNTs, among these one can mention their unusually large
electrical- and thermal-conductivities (Hone et al., 2000) as well as
their very large tensile strengths (Yu et al., 2000). Concerning the latter
aspect, it is to be further appreciated that the microscopic network of
thin samples formed from the CNTs in the creation of buckypaper
(Fig. 1) gives rise to considerable ﬂexibility, allowing large damage-free
shape change. These particular properties point in part to the
possibility of CNTs being candidate media for thermoluminescence
dosimetry of energetic radiations, not least for in vivo applications. A
further fundamental aspect for CNTs to be potential TLD media is the
need for trapping centres, forming one particular focus of present
investigation. Among the alternative forms of dosimetry are also
included active devices such as semiconductor diodes and graphite
ion chambers, these representing electrical risks, particularly for in
vivo work, also passive TLD systems based on phosphors, such as LiF,
that due to their inherent hygroscopic nature also have limited
prospects for in vivo applications. CNTs also have an eﬀective atomic
number similar to that of adipose tissue, making it suitable for soft
tissue dosimetry.
In previous work by this group (Alanazi et al., 2016) the thermo-
luminescence signal was measured from samples of Single-Wall
http://dx.doi.org/10.1016/j.radphyschem.2016.12.004
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Carbon Nanotubes (SWCNTs) produced in the form of buckypaper, the
samples being of varying purity. These aspects have been discussed in
detail in the cited work. The samples (raw SWCNTs, pure SWCNTs,
and super-pure SWCNTs) were irradiated by a 90Sr source to obtain
various doses. In present work we have conducted further investiga-
tions of the materials, seeking to obtain a measure of the lower limit of
detection (LLD) for the particular samples and their associated
production methods. The doses used were in the range of 35 mGy to
1.3 Gy, the response of the CNT buckypaper against doses showing a
trend towards linearity.
2. Methods of sample preparation
The buckypaper samples formed from SWCNTs were of three types:
raw SWCNTs, pure SWCNTs and super-pure SWCNTs. The three
diﬀerent qualities of SWCNTs were purchased from Unidym
(Sunnyvale, CA, USA), delivered in the form of powder. The method
of buckypaper preparation was as discussed in the previously cited
work (Alanazi et al., 2016). The surfactant Triton X-100 was used to
disperse the SWCNTs. With deionised water a magnetic stirrer was
used to maintain a suspension of the surfactant. Membrane ﬁlters
(0.22 µm pore size and of diameter 47 mm; MCE MF-Millipore plain
white) were purchased from Thermo Fisher Scientiﬁc (Waltham, MA,
USA), ﬁltering and accumulating the CNTs. High frequency ultrasound
was used for dispersion of the mixture, use being made of a Branson tip
sonication system (Danbury, CT, USA) Soniﬁer 150. The optimum
surfactant to CNT ratio was found to be in the range 5:1 to 10:1 by
weight (Islam et al., 2003). In this and previous work, a surfactant to
CNT ratio of 10:1 was used to prepare the various samples. The
concentration of the single-wall carbon nanotubes in the dispersion
that was used to form the buckypaper were 0.1, 0.1, and 0.05 g for raw,
pure, and super pure single-wall carbon nanotubes respectively. These
quantities were dispersed in 100 ml of deionized water through the use
of Triton X-100 as previously mentioned.
Surface roughness and variability in the buckypaper samples as
shown in Fig. 2 indicate considerable variability in the amount of CNTs
deposited in the surface of buckypaper. Normalization for surface
roughness can be expected to lead to reduction in the variability in
response to dose.
2.1. Strontium-90 source for beta irradiation of CNT samples
Exposure of the CNTs samples was carried out in the radiation
laboratory, University of Surrey. A 90Sr beta source of approximate
activity 95 MBq was used to irradiate the various CNTs samples, raw,
pure, and super-pure. In order to minimise exposure to the user, the
source was located within a box shielded by lead. The samples were
positioned in a rotating disk that can accommodate 26 individual
samples within it, each labelled to identify the individual samples. The
set-up is as shown in Fig. 3. The diﬀerent qualities of single-wall carbon
nanotubes have been exposed to the beta-ray emissions to provide
doses of 0.02, 0.035, 0.627, 0.836, and 1.245 Gy.
3. Results and discussion
3.1. Glow curve of the CNTs samples
Fig. 4 above shows the glow curves obtained for the irradiated CNT
buckypaper samples for doses within the quoted range, the TL yields
being observed to be encompassed within the temperature range 180–
250 °C. The absence of noticeable diﬀerences in shape or distribution
of TL yield with dose is indicative of an essentially identical trap centre
activation energy distribution over the particular dose range. The
temperatures have been made to ramp from room temperature to the
maximum value of some 397 °C at a ramp rate at 6.5 °C per second,
leading to an ability to discern above-background glow curves for doses
down to 35 mGy, extending to 1.3 Gy, allowing the samples to be
considered to be of utility for radiotherapy dosimetric applications.
Thus said, we have also observed a reproducible hyper-response at
0.2 Gy of the order of four times greater than that obtained at any other
dose within the dose range. The more general trend, in response to the
Fig. 1. Microscopic view of the buckypaper sample made of single-wall CNTs. Obtained
using accelerating potential energy of 20 kV, and magniﬁcation power of 50,000. The
scale is shown in the form of the 100 nm long white bar, provided in the lower part of the
ﬁgure.
Fig. 2. Microscope image of one of the buckypaper super-pure single-wall CNT samples,
the image being obtained using an acceleration potential 20 kV and magniﬁcation 25×,
the surface roughness being highlighted. A 1 mm long scale is provided in the lower part
of the ﬁgure.
Fig. 3. The diagram shows the beta source irradiation set-up used to expose the CNT
buckypaper samples.
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various doses, in the absence of this hyper-response was found to be
linear across the dose range (Fig. 5), albeit with considerable varia-
bility; further investigation is required in seeking to understand the
origin of the hyper-response. Note should be taken that each point in
the graph is the mean of three measurements made on three individual
samples irradiated under the same conditions.
3.2. Energy response
In Fig. 4 the lower line in the graph represents the dose response for
the super-pure SWCNTs, that above it the dose response for the pure
SWCNTs and the upper line represent the dose response for the raw
SWCNTs. The inset to the ﬁgure displays the hyper response observed
at 0.2 Gy. As can be seen in the graph the dose response is generally
proportional with dose, trending toward linearity for the three samples,
raw, pure, and super-pure single-wall CNTs. The raw sample provides
the greatest response, a matter supported by Energy Dispersive X-Ray
Analysis (EDX) examining the purity of samples provided by the
manufacturer. Fig. 5 shows EDX analysis for the raw SWCNTs, the
Fe content in the raw sample being some 17.2 wt%, considerably
greater than that for the pure and super-pure samples, at 11.7 and
7.6 wt% respectively. These quantities are a reﬂection of the number of
trapping centres within each sample. As such, the raw samples produce
a commensurately large TL yield; conversely the super-pure samples,
greatly puriﬁed from impurities, produces a commensurately low TL
yield.
Other contributions to the TL yield can be interpretation to a rise as
a result of hybridization between the carbon atoms themselves and
between the carbon atoms with other atoms within the sample.
Changes in the state of the electron orbitals, in particular SP2 and
SP3 bonds, cause the electron orbitals to change from SP2 to SP3
hybridization, the latter having greater energy level. When there is
suﬃcient energy to break this hybridization, photons will be released.
From EDX analysis for the raw, pure, and super-pure SWCNTs
(Fig. 6 and Table 1), the weight percentage of carbon were found to be
68.2%, 72.1%, 74.1% respectively. The remaining impurities are
dominated by Fe and O2. Fluorine, Al, SiO2, and Ca were found in
amounts of less than 1%. The oxygen weight percentage for the raw,
pure, and SP SWCNTs were 13.5%, 15.1%, 15.5% respectively. These
impurities contribute to the charge centres localization and induce the
SP2 to SP3 hybridization as mentioned earlier.
3.3. X-ray photoelectron spectroscopy
To account for the change in the ratio of the SP2 to SP3 hybridiza-
tion before and after irradiation, XPS (Beamson and Briggs, 1992)
analyses were performed on a ThermoFisher Scientiﬁc (East Grinstead,
UK) Theta Probe spectrometer. XPS spectra were acquired using a
monochromated Al Kα X-ray source (hν =1486.6 eV). An x-ray spot of
~400 µm radius was employed. Survey spectra were acquired employ-
ing a pass energy of 300 eV. High resolution, core level spectra for C1s
and O1s were acquired with a pass energy of 50 eV. High resolution,
core level spectra for Fe2p and Si2p were acquired with a pass energy of
50 eV. Quantitative surface chemical analyses were calculated from the
high resolution, core level spectra following the removal of a non-linear
(Shirley) background. The manufacturer Avantage software was used,
incorporating the appropriate sensitivity factors also correcting for the
electron energy analyser transmission function. The best ﬁt C 1 s
Fig. 4. TL yield for the CNTs (the glow curve), encompassed within the temperature
range 180–250 °C.
Fig. 5. Comparison between the energy response for raw, pure, and super-pure (SP) SWCNTs. The TL yield divided by 1 million to normalize the numbers on the scale of Y-axis. The
inset displays the hyper-sensitivity observed at low doses.
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(Kaciulis, 2012) was acquired with a centre peak binding energy for the
SP2 of 284.4 eV and with a shift of 0.4 eV. The SP3 peak was located at
binding energy 284.8 eV.
The results show an increase in the SP3/SP2 hybridization ratio for
a sample exposed to a dose of some 0.4 Gy. As can be clearly seen in the
displayed example of the peak ﬁtted for C 1 s for the super-pure
SWCNTs sample, Figs. 7 and 8 display the peak associated with the
SP3and SP2 hybridization before (Fig. 7) and after (Fig. 8) irradiation.
This increase in the SP3 hybridization has been found in the pure and
raw samples, with quantitative data provided in Table 2 showing the
increase in the SP3/SP2 hybridization ratio for the sample after
irradiation.
From Table 2, SP3/SP2 hybridization ratio pre-irradiation for the
raw, pure, and super-pure SWCNT samples were 44%, 22%, and 25%
respectively, increasing post-irradiation by factors of 1.8, 1.9, and 2.7
respectively.
This change in the orbitals within the carbon atoms leads to
increased molecular strain, reﬂected in the molecular binding energy.
With the sample heated to temperatures > 250 °C, SP3 hybridization
can change to SP2 hybridization, with energy release in the form of
photons. This luminescence has been observed by the group of
Chruścińska, referred to them as relaxoluminescence (Chruścińska
et al., 2006). While this relaxoluminescence contributes to the thermo-
Fig. 6. Energy Dispersive X-Ray Analysis (EDX), showing the various elements present in the raw SWCNT samples.
Table 1
Quantitative EDX Results for raw, pure and super-pure SWCNT, obtained using an accelerating potential of 15 kV and magniﬁcation power of 50.
Raw sample Pure sample Super-pure sample
Elements Line Norm. Norm. Norm. Norm. Norm. Norm.
wt%Norm. wt% Err wt%Norm. wt% Err wt%Norm. wt% Err
C K 68.22 ± 0.35 72.14 ± 0.35 74.07 ± 0.35
O K 13.54 ± 0.28 15.51 ± 0.21 15.53 ± 0.27
Al K 0.16 ± 0.02 0.15 ± 0.02 2.36 ± 0.02
Si K 0.31 ± 0.02 0.18 ± 0.03 0.11 ± 0.01
Ti K 0.59 ± 0.04 0.31 ± 0.02 0.27 ± 0.02
Fe K 17.18 ± 0.27 11.71 ± 0.26 7.63 ± 0.19
Total 100 100 100
Fig. 7. X-ray Photoelectron Spectroscopy for the super-pure SWCNTs sample pre-
irradiation, showing the separate SP2 and SP3 peaks.
Fig. 8. X-ray Photoelectron Spectroscopy for the super-pure SWCNTs sample post-
irradiation. The peak of the SP2 and SP3 are displayed.
Table 2
Percentage change in the ratio of hybridization from SP2 to SP3 (SP3 / SP2) for the raw,
pure, and super-pure SWCNT samples pre and post irradiation.
Percentage (SP3/ SP2) Ratio for the samples pre and
post irradiation
Sample Raw SWCNTs Pure SWCNTs Super-Pure
SWCNTs
Pre-irradiation 44% 22% 25%
Post-irradiation 80% 43% 69%
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luminescence signal it remains apparent that greater contribution can
be obtained through the addition of impurity to the samples, as clearly
shown from the response of the raw SWCNT sample.
4. Conclusion
Three types of single-wall CNTs were formed into buckypaper, with
each of diﬀerent impurity and prepared for irradiation using a 90Sr
source. The samples, irradiated to diﬀerent doses from 35 mGy to
1.245 Gy, show the TL yield from the single-wall CNT buckypaper
samples to be generally proportional to the dose deposited in the
sample, albeit with an as-yet unexplained hyper-sensitivity at 0.2 Gy.
While SP3 to SP2 hybridization in carbon provides a strain-related
contribution to the TL signal from irradiated samples, the greater
contribution to the overall TL signal can be obtained from impurity, in
the present case predominantly from Fe. The general response
indicates considerable potential for the raw CNT media to be used in
radiotherapy dosimetric applications, although there remains a need to
develop means for control of surface roughness of the buckypaper
CNTs in order to obtain more uniform response.
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A B S T R A C T
Over the past several years a great deal of research has focused on the adaptation of carbon nanotubes (CNTs) for
a wide range of applications, including as gas detectors, in energy storage, for various photonics purposes, also as
radiation sensors. In previous studies by this group, investigating thermoluminescent (TL) properties, the sen-
sitivity of CNTs towards ionising radiations has been observed using beta radiation at dose levels from fractions
of a Gy and more. Strain and impurity defects in CNTs give rise to substantial TL yields, the extent to which
electron trapping centres exist varying inversely with the quality of CNT, from super-pure to pure to raw. In
present study the contribution to TL of beta particle irradiated CNTs has been investigated with respect to
changes in the lattice atomic orbitals, pointing to the possibility of a new radiation dosimetry method. The
surface-sensitive method, one highly suited to the thin (few tens of µm thick) CNT samples produced in the form
of free-standing buckypaper, is based on use of the X-Ray Photoelectron Spectroscopy (XPS) technique, evalu-
ating sp2 to sp3 hybridisation. The CNT samples have been examined subsequent to irradiation using a relatively
large activity 90Sr/90Y radionuclide source (Eβ =0.546MeV/2.28MeV), delivering doses in the range 0.2–6 Gy,
in all three qualities sp2 to sp3 hybridisation being observed to increase with dose deposition. Considerable
advantage is seen in making use of such thin CNTs in dosimetry, rendering them particularly suitable for beta
particle soft tissue dosimetry.
1. Introduction
In previous investigations (Alanazi et al., 2016b) various single-wall
carbon nanotubes (SWCNT) samples in the form of buckypaper have
been irradiated to doses up to 1.3 Gy, use being made of a 90Sr beta
source, the TL response of the CNT buckypaper showing linearity with
dose. For the presently adopted buckypaper production methodology it
has been shown that raw SWCNT buckypaper provides the greatest
sensitivity, detecting doses down to some 30mGy. In present study, as
an alternative technique to TL, the change in carbon orbital bonding
from sp2 to sp3 (referred to as hybridisation) has been investigated as a
novel method of dosimetry. In this, use has been made of X-Ray Pho-
toelectron Spectroscopy (XPS), values of hybridisation increasing with
deposited dose. The novel application, making use of thin (few tens of
microns) free-standing CNTs is eminently suitable for skin dosimetry,
the method of analysis being one that is well established (Mezzi and
Kaciulis, 2010).
1.1. X-ray photoelectron spectroscopy (XPS)
XPS is well known for its ability to provide chemical state in-
formation, relying in the main on initial state eﬀects (as in the case of
polymers) or sometimes ﬁnal-state eﬀects that can become very strong
in the case of some metal oxides. XPS in its usual mode of operation
considers the chemical shift of core level electron orbitals, as we do in
this paper. Being a relaxation process XPS can lead to the generation of
https://doi.org/10.1016/j.radphyschem.2018.02.006
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X-ray induced Auger electron transitions (known as X-AES). As an
Auger transition is a three-electron process, for carbon materials the
valence electrons are involved as the transit and emitted electrons. This
means that the chemical eﬀects present in the valence band electrons
are also present (in a heavily convoluted manner) in the CKLL transition
(where the L electrons are of course valence electrons). In order to
extract such information a common approach, described in detail by
(Mezzi and Kaciulis, 2010) is to take the ﬁrst diﬀerential of the CKLL
Auger spectrum and deﬁne a so-called D-Parameter. This is the distance
(in electron volts) between the maximum and minimum excursions in
the CKLL Auger spectrum. Such a measurement has been shown to be
extremely sensitive to carbon hybridisation, as a result of the inﬂuence
of the C2p and C2s electrons in the Auger transition. As many authors
have shown there is a linear relationship between the value of the D-
Parameter and the extent of sp2 and sp3 hybridisation (see for instance,
Caschera et al., 2011; Kaciulis, 2012; Mezzi and Kaciulis, 2010). We
have used this method to illustrate subtle changes that occur on the
surface of the CNT as a function of treatment.
Use of XPS enables exploration of the eﬀects of ionising radiation on
the structure of CNTs. In particular, XPS is a surface sensitive technique
that provides quantitative spectroscopic measurements of elemental
composition, also providing information on the chemical/electronic
conﬁgurational state of the surface of the target medium. XPS spectra
are acquired by exposure of the material to X-ray radiation, simulta-
neously measuring the kinetic energy and number of electrons that
travel from the upper-most surface of the material (0–10 nm) via use of
an electron energy analyser detector. The technique requires relatively
high vacuum conditions (∼ 1×10−7 millibar) and reference to the D-
Parameter, the latter based on separation of the two maxima observed
in the X-ray excited carbon KLL transition. This has been used to esti-
mate the hybridisation ratio (sp2/sp3), representing the change in or-
bital bonding with respect to dose received. Fig. 1 illustrates hy-
bridisation of the carbon atom orbitals. The study has been carried out
for three diﬀerent purities of CNT sample, raw, pure and super-pure,
each exposed to various doses.
2. Experimental
The XPS technique has been used to explore the surface structure
samples of single-wall carbon nanotubes (SWCNTs) of various degrees
of purity, raw, pure and super pure. In present investigations the
buckypaper samples have been irradiated with beta-particle ionising
radiation, use being made of a 90Sr irradiator. The rationale for this
choice has been to ensure dose deposition throughout the buckypaper,
the thickness of samples ranging from as low as 10 µm to as great as
100 µm (with a mean and standard deviation of 12.9 ± 1.7 µm for the
most uniformly ﬂat sample and 82.5 ± 26.4 µm for the least uniform
sample). Fig. 2 shows example histograms to illustrate the degree of
sample thickness variation among several of the samples studied herein,
with in each case some 70 independent measurements being made at
random points throughout each of the samples.
The stopping power of 90Sr/90Y beta particles in graphite
(ρ=1.7 g cm−3) is of the order of 0.3 keV μm−1 [ESTAR (electron
stopping power and range) database (NIST, (NIST 14 June, 2017))],
also noting that the maximum decay energy of the beta decay from 90Sr
to 90Y is 0.546MeV while that of the subsequent decay to 90Zr with a
half-life of 64.1 h is 2.28MeV. The short versus long half-life relation-
ship between 90Y and 90Sr respectively provides the basis for secular
equilibrium between the two radionuclides.
XPS analyses were performed using a Thermo Fisher Scientiﬁc
Instruments K-Alpha+ spectrometer (East Grinstead, UK). XPS spectra
were acquired using a monochromated Al Kα X-ray source (hν
=1486.6 eV) and an x-ray spot size of radius ~ 400 µm. Carbon KLL
Auger peaks were acquired using 50 eV Pass Energy and the sample D-
Parameter was determined. With removal of a non-linear (Shirley)
background, quantitative surface chemical analyses were obtained from
the high resolution, core-level spectra. For analysis, use was made of
the manufacturers’ Avantage software, the latter incorporating the ap-
propriate sensitivity factors and corrections for the electron energy
analyser transmission function.
To observe dose-dependent change, the XPS technique was applied
to samples pre- and post-irradiation, the source providing a dose-rate
that allowed delivery of doses in the range 0.2–6 Gy in irradiation times
of between 24 h and 28 days. After each exposure the surface of the
SWCNTs was examined through use of the XPS technique, the results
giving information on the relative presence of the two carbon orbital
forms, sp2 and sp3, as discussed above. In so-doing, the investigation
has concerned whether, as a result of deposited dose, the bonding in the
surface structure changes in a proportionate and sensitive way.
3. Results
For all three qualities of CNT, the ratio sp2/sp3 shows an ex-
ponential-like dose-dependent response (see for example, Fig. 3), the
functional dependency diﬀering from sample to sample, a reﬂection of
sample variation, including level of impurity, thickness and surface
roughness. Fitting by non-linear least-squares to the proposed ex-
ponential form shown in Eq. (1) has been carried out, aided in so doing
through use of the Python package SciPy data analysis toolkit "Jones,
2001" in evaluation of the parameters A, b and c. The correlation
coeﬃcient R2 and test of signiﬁcance p has been quoted in each case.
Speciﬁcally, ﬁtting has been made to equations of the form:
= +
−y A e c* *b x (1)
with y the D-Parameter, x the dose and A, b, c constants for the parti-
cular sample and type (raw, pure or super-pure). Such exponential
behaviour has also been reported by (McEnaney and Wickham, 1996)
in their study of degradation of nuclear graphite properties.
3.1. Raw single-wall carbon nanotubes samples
For preparation of raw sample A, use was made of 0.1 g of CNT,
80ml of deionised (DI) water and 1 g of Triton X-100 (Tx-100) to act as
surfactant, see (Alanazi et al., 2016a) for more details of the method of
preparations. The curve ﬁtting parameters were: [A =3.5 eV, b =0.38,
c = 17.5 eV]. Each data point presented in Fig. 3 is the average of three
separate measurements, the standard error in D being 0.2 eV.
The fractional change from sp2 to sp3, typically referred to as hy-
bridisation, can be assessed using the plot of Fig. 4, showing the per-
centage sp2 associated with each D-Parameter value. Here use has been
made of the fact that graphite is 100% sp2 while diamond is 100% sp3,
both used as reference values for the sp2 and sp3 ratio such that any D-
Parameter value can then be measured accordingly. As can also be seen
in Fig. 3, measured D-Parameter values associated with given doses can
be projected in Fig. 4 to calculate the sp2 to sp3 hybridisation. Table 1
shows the quantitative data for raw sample A, the change of hy-
bridisation and D-values associated with the deposited doses being
provided. The D-Parameter values for the sample at zero and at 5.85 Gy
Fig. 1. Hybridisation of orbital bonding, from sp2 to sp3; for sp2 the angle between the
orbitals is 120° while for sp3 it is 109.5°. The sp2 to sp3 ratio has been observed to change
systematically when the highly carbon-rich sample is exposed to ionising radiation.
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were 21.1 eV and 17.8 eV respectively.
Fig. 5 displays the D-Parameter value vs dose for raw sample D,
being of the same purity category as that of sample A but diﬀering in
regard to the preparation process, with a greater quantity of SWCNTs
being used; 0.14 g of CNTs, with 100ml of DI-water and 1 g of Tx-100.
The resulting equation ﬁtting parameters were: [A =3.1 eV, b = 0.53,
c = 18.1 eV], with again each data point representing the average of
three measurements and a standard error in D of 0.2 eV. The decrease in
the value of the D-Parameter with dose is similar to that seen in raw
sample A, indicative of a technique robust against such concentration
Fig. 2. Examples of samples thickness variation.
Fig. 3. Relationship between deposited dose and change in D-Parameter value (D-value in
short) for raw sample A over the dose range zero to 5.85 Gy; the D-value shows ex-
ponential-like reduction with increase in dose, [R2 = 0.972, p= 0.001].
Fig. 4. Display of the percentage sp2 associated with D-Parameter values for raw sample
A. Note that use has been made of two reference values, namely diamond (100% sp3) and
graphite (100% sp2).
Table 1
Quantitative results for raw sample A for diﬀerent doses.
Dose (Gy) % sp2 % sp3 D-value (eV)
0 84.1 15.9 21.1
0.21 80.1 19.9 20.8
0.63 74.5 25.5 20.3
1.05 68.9 31.1 19.8
3.50 55.7 44.3 18.6
5.85 46.8 53.2 17.8
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variation. Fig. 6 exhibits the dose-dependent measured D-Parameter
values for raw sample D as a function of sp2.
Table 2 shows the quantitative data for raw sample D; at zero and at
5.85 Gy the D-values were 21.1- and 18.3 eV respectively.
Fig. 7 shows the D-Parameter values vs dose for raw sample H,
formed using 0.12 g of CNTs, 100ml of DI-water, 1 g of Tx-100, with
associated ﬁtting parameters [A =3.5 eV, b = 0.59, c = 17.6 eV].
Again, each data point is the average of three measurements, the
standard error again being 0.2 eV. The ﬁtting parameter values lie be-
tween those of A and D as expected of a medium of intermediate con-
centration of SWCNTs. Fig. 8 displays the percentage sp2 associated
with each dose dependent D-Parameter value.
Table 3 provides quantitative data for raw sample H, with D-Para-
meter values at 0 and 5.85 Gy of 21.1- and 17.7 eV respectively.
3.2. Pure single-wall carbon nanotubes
Fig. 9 shows the D-Parameter values vs dose for pure sample B1, of
Fig. 5. Dose dependent D-Parameter values for raw sample D, made using 0.14 g of CNTs,
100ml of DI-water and 1 g of Tx-100, [R2 = 0.948, p= 0.004].
Fig. 6. Percentage sp2 associated with dose-dependent D-Parameter values for raw
sample D.
Table 2
Quantitative results for raw sample D for diﬀerent doses.
Dose (Gy) % of sp2
hybridisation
% of sp3
hybridisation
D-Parameter value
(eV)
Zero 83.7 16.3 21.1
0.21 82.8 17.2 21.0
0.63 75.1 24.9 20.3
1.05 67.4 32.6 19.6
3.50 56.8 43.2 18.7
5.85 52.5 47.5 18.3
Fig. 7. Dose dependent D-Parameter values for raw sample H, made using 0.12 g of CNTs,
with 100ml of DI-water and 1 g of Tx-100, [R2 = 0.941, p= 0.005].
Fig. 8. The percentage of sp2 associated with D-Parameter values for raw sample H.
Table 3
Quantitative results for raw sample H for diﬀerent doses.
Dose (Gy) % of sp2
hybridisation
% of sp3
hybridisation
D-Parameter value
(eV)
Zero 84.1 15.9 21.1
0.21 78.4 21.6 20.6
0.63 71.6 28.4 20.0
1.05 64.8 35.2 19.4
3.50 50.0 50.0 18.1
5.85 45.5 54.5 17.7
Fig. 9. D-Parameter values vs dose for pure sample B1, prepared from 0.05 g CNTs,
100ml DI-water and 0.5 g Tx-100, [R2 = 0.990, p < 0.001].
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comparative purity compared to that of raw and super-pure using the
Energy Dispersive X-ray (EDX) facility of a Scanning Electron Micro-
scope as in Table 4 below.
For preparation of pure samples B1 use was made of 0.05 g of CNTs,
100ml of DI-water and 0.5 g of Tx-100. With this change in preparation
the resulting equation ﬁtting parameters were: [A = 6.3 eV, b =0.20, c
= 14.9 eV], with each data point the average of three measurements
and with standard error 0.2 eV. The value of the D-Parameter decreases
with dose in similar fashion to that previously described but with ﬁtting
parameter A diﬀering by approaching a factor of 2 compared to the raw
samples, a matter that will be more fully rationalised in the discussion
section. The situation is that larger mean D-Parameter values are ob-
tained at the lower dose point values compared to the raw samples,
indicative of reduced sensitivity towards change from graphite at such
doses. As with TL yields the indication is that the raw SWCNT for-
mulations are seen to be more dose sensitive than the pure or super-
pure as will be seen below.
Fig. 10 shows measured values of the D-Parameter associated with
given doses and sp2 and sp3 hybridisation for the pure sample B1.
Table 5 shows the quantitative data for pure sample B1 with dose-
dependent D-Parameter values and change of hybridisation. The D-
Parameter values for the sample at zero and at 5.85 Gy were 21.2 eV
and 16.8 eV respectively.
Fig. 11 shows the D-Parameter values vs dose for pure sample B2,
the preparation process of this being identical to B1 having being cut
from the same original buckypaper sample. The resulting equation ﬁt-
ting parameters were: [A =5.6 eV, b =0.20, c = 15.2 eV]. As before,
each data point is the average of three measurements and the standard
error is 0.2 eV for all samples. While the familiar shape of B1 is re-
obtained, the ﬁtting points to a lesser sensitivity at low dose, with a
value A of 1.61 eV and c of 6.28 eV for sample B1. What is apparent is
that small changes in the D-Parameter values at low doses appear to be
associated with a large swing in dose sensitivity, a behaviour that is
almost certainly associated with sample inhomogeneity.
Table 6 shows the quantitative data for pure sample B2. The D-
Parameter values at zero and at 5.85 Gy were 20.9 eV and 17.0 eV re-
spectively (Fig. 12).
Fig. 13 shows the D-Parameter values vs dose for pure sample F, a
sample of similar impurity to that of the B samples as in Table 4. For its
preparation the following quantities were used: 0.03 g of CNTs, 50ml
DI-water and 0.3 g Tx-100. The resulting equation ﬁtting parameters
Table 4
EDX analysis of raw, pure and super-pure SWCNT, using an SEM at 15 kV and 50×mag.
Raw samples Pure samples Super-Pure
samples
Element/ Line Norm. Norm. Norm. Norm. Norm. Norm.
wt%
Norm.
wt% Err wt%
Norm.
wt% Err wt%
Norm.
wt% Err
C K 68.2 ± 0.4 72.1 ± 0.4 74.1 ±0.4
O K 13.5 ± 0.3 15.5 ± 0.2 15.5 ±0.3
Al K 0.16 ± 0.10 0.15 ± 0.10 2.4 ±0.1
Si K 0.31 ± 0.10 0.18 ± 0.10 0.11 ±0.01
Ti K 0.59 ± 0.10 0.31 ± 0.10 0.27 ±0.02
Fe K 17.2 ± 0.3 11.7 ± 0.3 7.6 ±0.2
Fig. 10. Percentages of sp2 associated with the D-Parameter values for pure sample B1.
Table 5
Quantitative results for pure sample B1 for diﬀerent doses.
Dose (Gy) % of sp2
hybridisation
% of sp3
hybridisation
D-Parameter value
(eV)
Zero 85.2 14.8 21.2
0.21 81.8 18.2 20.9
0.63 77.3 22.7 20.5
1.05 71.6 28.4 20.0
3.50 48.9 51.1 18.0
5.85 35.2 64.8 16.8
Fig. 11. D-Parameter values vs dose for pure sample B2, prepared using 0.05 g of CNTs,
100ml DI-water and 0.5 g of Tx-100, [R2 = 0.991, p < 0.001].
Table 6
Quantitative results for pure sample B2 for diﬀerent doses.
Dose (Gy) % of sp2
hybridisation
% of sp3
hybridisation
D-Parameter value
(eV)
Zero 81.8 18.2 20.9
0.21 77.3 22.7 20.5
0.63 73.9 26.1 20.2
1.05 69.3 30.7 19.8
3.50 50.0 50.0 18.1
5.85 37.5 62.5 17.0
Fig. 12. The percentages of sp2 associated with the D-Parameter values for pure sample
B2.
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were: [A = 20.8 eV, b = 0.03, c = 0.0 eV]. Each data point is the
average of three measurements and the standard error is 0.2 eV for all
samples. The ﬁtted curve shows a greater degree of linearity compared
to pure samples B1 and B2, with the ﬁtting of the curve restricted to just
the ﬁrst two terms of the exponential expansion. Fig. 14 displays the
measured D-Parameter values associated with given doses together
with the sp2 to sp3 hybridisation.
Table 7 shows the quantitative data for pure sample F. The change
of hybridisation and D-Parameter values associated with the deposited
doses are shown. The D-Parameter values for the sample at zero and at
5.85 Gy were 20.7 eV and 17.8 eV respectively.
3.3. Super-pure single-wall carbon nanotubes samples
Fig. 15 shows the D-Parameter values vs dose for super-pure sample
G1. Sample preparation was similar to that for pure sample F, using:
0.03 g of CNTs, 50ml DI-water and 0.3 g of Tx-100. The resulting
equation ﬁtting parameters were: [A = 18.4 eV, b = 0.02, c
= 2.04 eV], again with each data point being the average of three
measurements and standard error of 0.2 eV. The ﬁtted curve for the G1
sample shows a greater degree of linearity compared to the raw samples
and pure samples B1 and B2, with a similar trend to that observed for
the pure sample F. Fig. 16 displays the measured D-Parameter values
associated with given doses together with the sp2 to sp3 hybridisation.
Table 8 shows the quantitative data for super-pure sample G1. The
D-Parameter values for the sample at zero and at 5.85 Gy were 20.5 eV
and 18.9 eV respectively.
Fig. 17 shows the D-Parameter values vs dose for super-pure sample
G2. For preparation of the super-pure sample G1 similar quantities to
that for pure sample F were used, as follows: 0.03 g of CNTs, 50ml DI-
water and 0.3 g Tx-100. The resulting equation ﬁtting parameters were:
[A =4.1 eV, b = 0.14, c = 16.3 eV]. Each data point presented is the
average of three measurements and the standard error is 0.2 eV. The
ﬁtted curve for the G2 sample shows similar curvature to that of pure
samples B1 and B2 and the raw samples. Table 9 shows the quantitative
data for super-pure sample G2. The D-Parameter values for the sample
at zero and at 5.85 Gy were 20.3 eV and 18.1 eV respectively.
Table 9 shows the quantitative data for super-pure sample G2. The
Fig. 13. D-Parameter values vs dose for pure sample F, the D-Parameter values decreasing
in an approximate linear fashion with dose, [R2 =0.999, p < 0.001].
Fig. 14. The percentages of sp2 associated with the D-Parameter values for pure sample F.
Table 7
Quantitative results for pure sample F for diﬀerent doses.
Dose (Gy) % of sp2
hybridisation
% of sp3
hybridisation
D-Parameter value
(eV)
Zero 79.5 20.5 20.7
0.21 78.4 21.6 20.6
0.63 76.1 23.9 20.4
1.05 74.4 25.6 20.3
3.50 58.5 41.5 18.9
5.85 46.8 53.2 17.8
Fig. 15. D-value vs dose for super-pure sample G1, the D-Parameter values decreasing in
a closely linear fashion with dose, [R2> 0.999, p < 0.001].
Fig. 16. The percentage sp2 associated with the D-Parameter values for super-pure
sample G1.
Table 8
Quantitative results for super-pure sample G1 for diﬀerent doses.
Dose (Gy) % of sp2 hybridisation % of sp3 hybridisation D-value (eV)
0 77.3 22.7 20.5
0.21 76.1 23.9 20.4
0.63 75.0 25.0 20.3
1.05 73.9 26.1 20.2
3.50 65.9 34.1 19.5
5.85 59.1 40.9 18.9
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D-Parameter values for the sample at zero and at 5.85 Gy were 20.3 eV
and 18.1 eV respectively (Fig. 18).
4. Discussion
By projecting the D-Parameter values in association with dose, a
process exempliﬁed in the graph of Fig. 3 and graphs thereafter, one
can observe a regularity of change in the percentages of sp2 and sp3. In
particular, the sp2 hybridisation, expressed as the ratio sp2/sp3, reduces
for increasing radiation dose, a behaviour that has been observed for all
of the samples investigated herein, be they raw, pure or super-pure.
Similar such behaviour in terms of the reduction of sp2 has previously
been observed in the study of (Bardi et al., 2017), for samples of
SWCNT exposed to x-ray radiation, at doses of 20 cGy and 45 cGy, for a
technique based on measurement of accumulated charge. The Bardi
study investigated changes in the structure of the SWCNT in powder
form, investigations focusing both on change of structure and the eﬀect
on raw SWCNTs as a potential device in active dosimetry, such as that
of the ion chamber. Apparent from present analysis is that the reduction
in sp2 varies from sample-type to sample-type (raw, pure and super
pure) being attributable to the level of impurity, thickness and rough-
ness of the surface, aﬀected as these are by the process of sample pre-
paration.
Fig. 3 has depicted the relationship between the deposited dose and
the change in the D-Parameter value (sp2/sp3) for raw sample A. Over
the dose range from zero up to 5.85 Gy, the D-Parameter value shows
exponential reduction with increasing deposited dose. The change of
sp2 to sp3 has subsequently been evaluated using the plot of Fig. 4, il-
lustrating the percentages of sp2 associated with particular D-Parameter
value, also making use of the fact that graphite is 100% sp2 while
diamond is 100% sp3. In accord with this, test has been made of whe-
ther any dose dependent D-Parameter value can be measured from the
linear ﬁt between the diamond and graphite, a matter that has been
demonstrated not only for all of the raw samples, but also for all of the
other sample types tested herein, as further summarised below. From
the results for the raw samples it has further been shown that there is a
standard exponential reduction in D-Parameter value with deposited
dose. The change in D-Parameter value can be measured with deposited
dose, indicative of the degree of sp2 to sp3 hybridisation. For the raw
samples the D-Parameter value varied from 21.1 eV to 17.7 eV. At zero
dose the carbon nanotube walls contain carbon bonding of some 84%
sp2 and 16% sp3 hybridisation. Depositing 0.21 Gy of beta particle dose
is seen to lead to a reduction of sp2 from 84% to ~ 80% and en-
hancement of sp3 to 20%.
When comparing the raw sample dose-dependent D-Parameter
value curves against those for the pure and super-pure samples, with
increasing purity it can be seen that the curves trend towards a more
linear dependency. This phenomenon, attributed to the impurities in
the raw samples, accords with EDX analysis, showing the raw samples
to have greater amounts of iron in them than the pure and super-pure,
at 17.2%, 11.7% and 7.6% respectively.
For graphite, the lowest energy required for carbon atom displace-
ment, on the c-axis direction, was found by (Banhart et al., 1997) to be
Fig. 17. D-Parameter values vs dose for super-pure sample G2, [R2 = 0.994, p < 0.001].
Table 9
Quantitative results for super-pure sample G2 for diﬀerent doses.
Dose (Gy) % of sp2
hybridisation
% of sp3
hybridisation
D-Parameter value
(eV)
Zero 74.7 25.3 20.3
0.21 73.6 26.4 20.2
0.63 70.5 29.5 19.9
1.05 68.2 31.8 19.7
3.50 56.8 43.2 18.7
5.85 50.0 50.0 18.1
Fig. 18. The percentage sp2 associated with the D-Parameter values for super-pure
sample G2.
Fig. 19. diagram illustrates the covalent and Van der Waals bonds in the graphite
structure.
Table 10
The ﬁtting parameters were produced by the least square ﬁtting for variables A, b and c.
A b c A +c
Raw A 3.5 eV 0.38 17.5 eV 21 eV
Raw H 3.5 eV 0.59 17.6 eV 21.1 eV
Raw D 3.1 eV 0.53 18.1 eV 21.2 eV
Pure B1 6.3 eV 0.2 14.9 eV 21.2 eV
Pure B2 5.6 eV 0.2 15.2 eV 20.8 eV
Pure F 20.8 eV 0.03 0 eV 20.8 eV
Super-pure G1 18.4 eV 0.02 2.04 eV 20.44 eV
Super-pure G2 4.1 eV 0.14 16.3 eV 20.4 eV
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15–20 eV. Another study suggests the threshold energy required for
carbon atom displacement in graphite 15–17 eV (Krasheninnikov and
Nordlund, 2004). Yet another threshold value for carbon atom dis-
placement for SWCNT was reported to be 16.9 eV (Cress et al., 2010).
Simmons reported the value to be 25 eV in neutron damaged graphite,
cited in (Marsden, 1996). Conversely, for diamond, another form of
carbon, the displacement threshold has been reported to be 30–48 eV
(Bourgoin and Massarani, 1976; Koike et al., 1992). Thus said, graphite
is formed from two diﬀerent chemical bonds on each plane, a van der
Waals bonds that links the basal planes and covalent bonds that work
within the planes; Banhart has subsequently pointed out that SWCNTs
are the smallest graphite-based structure, their speciﬁc geometry al-
lowing them to be unaﬀected by van der Waals forces (Banhart, 1999).
From these studies in graphite it has been estimated by the group of
Banhart that the threshold energy required to displace a carbon atom in
the walls of the SWCNTs is in the range 15–20 eV, estimated assuming
the lack of van der Waals bonds between the graphite layers in the
SWCNTs (see Fig. 19). Such atomic displacement can be expected when
the beta particles emitted from the 90Sr source (maximum energy 0.546
and 2.28MeV respectively for 90Sr and 90Y) interact with the SWCNT
samples.
In regard to the results for the pure samples it can be seen that again
there is an exponential reduction in the D-Parameter value with de-
posited dose, the D-Parameter value change varying progressively from
21.2 eV to 16.8. For these samples, as a function of dose deposited in
the sample, sp2 hybridisation is again observed to alter (with associated
proportionate increase in sp3). Thus for example, while at zero dose the
carbon nanotubes walls contain 85.2% sp2 (14.8% of sp3), dose de-
position of 0.21 Gy leads to reduction of sp2 from 85.2% to ~ 81.8%
and enhancement of sp3 to ~ 20.9%.
As commented upon before, comparing the pure sample dose-de-
pendent D-Parameter value curves against those for the raw samples,
with increasing purity it can be seen that the curves trend towards a
more linear dependency, the ﬁtted curves now showing a high degree of
linearity when comparing to for instance the samples B1 and B2. In the
associated regard to the carbon concentration in the raw and pure
samples, these were found to be 68.2% and 72.1% respectively.
In regard to the results of the super-pure samples, it can be seen that
the super-pure samples can again be depicted in terms of an exponential
reduction, limited in number of terms, D-Parameter value continuing to
be associated with progressive change with increase in deposited dose.
The D-Parameter value for these samples has been observed to range
from 20.3 to 18.1 eV. At zero dose (as that for an annealed sample) the
D-Parameter value is some 20.3 eV, corresponding to 74.7% sp2 and
25.3% sp3. The dose-dependent response of the super-pure samples is
similar to that for the pure samples (the D-Parameter value decreasing
with dose and for the ﬁtted curve for the super-pure sample G2 this
shows similar linearity with that to the pure samples B1 & B2). The
more limited curvature than that seen for the raw samples can be ne-
glected in a linear approximation, given consideration of the errors
associated with the measurements.
To sum up, the XPS study discussed herein show results with a clear
relationship between deposited dose and enhancement of sp3 hy-
bridisation. The D-Parameter value decreases (hence sp3 hybridisation
increases) with dose deposited in the samples. It is further clear from
the above discussion and also with reference to the summary results of
Table 10, showing the ﬁtting parameter values for the various samples
A (raw) to G (super-pure), that relation (1) provides for a threshold
energy, the sum of each of the energy values leading to a mean value of
(20.9 ± 0.3) eV. This can be related to the estimate of the group of
Banhart (1997) (1999) for the threshold energy in the range of
15–20 eV that is required to displace a carbon atom in the walls of the
SWCNTs. These results suggest the use of XPS to provide for a new
technique for radiation dosimetry. However, as it is a surface analysis
technique, this would seem to limit the application to relatively low
penetration radiation, potentially including alpha (for ultra-thin CNTs)
and beta particles and low-energy photons. Thus said, the limitation
points to considerable potential for the use of this novel soft tissue
equivalent technique in estimating skin dose in personal dosimetry
(noting that the previous work of Bardi (2017) has shown measurable
eﬀects at mGy levels) and when electrons or ions are used to treat su-
perﬁcial tumours.
Acknowledgements
The author would like to express his gratitude for receipt of a Ph.D.
scholarship from the Government of Saudi Arabia, Prince Mohammed
Medical City for the North Region Services. The authors extend their
appreciation to the college of Applied Medical Sciences Research Centre
and Deanship of Scientiﬁc Research at the King Saud University for
supporting this research.
References
Alanazi, A., Alkhorayef, M., Alzimami, K., Jurewicz, I., Abuhadi, N., Dalton, A., Bradley,
D., 2016a. Carbon nanotubes buckypaper radiation studies for medical physics ap-
plications. Appl. Radiat. Isot. 117, 106–110.
Alanazi, A., Jurewicz, I., Alalawi, A.I., Alyahyawi, A., Alsubaie, A., Hinder, S., Bañuls-
Ciscar, J., Alkhorayef, M., Bradley, D., 2016b. Lower limits of detection in using
carbon nanotubes as thermoluminescent dosimeters of beta radiation. Radiat. Phys.
Chem.
Banhart, F., 1999. Irradiation eﬀects in carbon nanostructures. Rep. Progress. Phys. 62
(8), 1181.
Banhart, F., Füller, T., Redlich, P., Ajayan, P., 1997. The formation, annealing and self-
compression of carbon onions under electron irradiation. Chem. Phys. Lett. 269
(3–4), 349–355.
Bardi, N., Jurewicz, I., King, A., Alkhorayef, M., Bradley, D., Dalton, A., 2017. X-ray
irradiation-induced structural changes on single wall carbon nanotubes. Radiat. Phys.
Chem.
Bourgoin, J., Massarani, B., 1976. Threshold energy for atomic displacement in diamond.
Phys. Rev. B 14 (8), 3690.
Caschera, D., Cossari, P., Federici, F., Kaciulis, S., Mezzi, A., Padeletti, G., Trucchi, D.,
2011. Inﬂuence of PECVD parameters on the properties of diamond-like carbon ﬁlms.
Thin Solid Films 519 (12), 4087–4091.
Cress, C.D., Schauerman, C.M., Landi, B.J., Messenger, S.R., Raﬀaelle, R.P., Walters, R.J.,
2010. Radiation eﬀects in single-walled carbon nanotube papers. J. Appl. Phys. 107
(1), 014316.
Kaciulis, S., 2012. Spectroscopy of carbon: from diamond to nitride ﬁlms. Surf. Interface
Anal. 44 (8), 1155–1161.
Koike, J., Parkin, D., Mitchell, T., 1992. Displacement threshold energy for type IIa dia-
mond. Appl. Phys. Lett. 60 (12), 1450–1452.
Krasheninnikov, A., Nordlund, K., 2004. Irradiation eﬀects in carbon nanotubes. Nucl.
Instrum. Methods Phys. Res. Sect. B: Beam Interact. Mater. At. 216, 355–366.
Marsden, B.J., 1996. Fundamentals of irradiation damage in graphite due to energetic
neutrons Graphite moderator lifecycle behaviour, ed. IAEA, INIS Clearinghouse,
Vienna, Austria, 24th-27th September 1995, pp. 21.
McEnaney, B., Wickham, A.J., 1996. Eﬀect of Oxidation, Graphite moderator lifecycle
behaviour, ed. IAEA, INIS Clearinghouse, Vienna, Austria, 24th-27th September
1995, pp. 12.
Mezzi, A., Kaciulis, S., 2010. Surface investigation of carbon ﬁlms: from diamond to
graphite. Surf. Interface Anal. 42 (6‐7), 1082–1084.
NIST, E., 2017. 14 June, National Institute of Standards and Technology. Available:
〈https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html〉 [2017, 08/15].
A.H. Alanazi et al. Radiation Physics and Chemistry xxx (xxxx) xxx–xxx
8
